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ABSTRACT
This work Is an experimental study of the Stokes drag on a right 
circular cylinder moving with constant velocity through a Newtonian 
viscous fluid. The cylinder velocity is parallel to its longitudinal 
axis, and the fluid is bounded on the outside by a fixed coaxial 
cylindrical tube of circular cross section. The length to diameter 
ratio of the moving cylinder ranges from 1.0 to 390, the ratio of the 
width of the annular gap to the cylinder length ranges from 0.0077 to
0.85, and the ratio a of the cylinder diameter to the tube diameter 
ranges from 0.022 to 0.91. Experimental values of the drag are 
compared with a theoretical expression which assumes a flow that is 
entirely axial in the annular region and a drag that is due entirely 
to the viscous stress on the cylinder side plus the effect of the 
dynamic pressure difference on the ends of the cylinder. An end 
correction term is obtained which is found to be proportional to the 
annular gap width and to the square root of a. This term is found to 
be consistant with previous numerical studies of the narrow gap case 
and with experimental studies of the wide gap case. Drag values are 
also presented for the situation in which the bottom of the tube is 
open to a larger fluid reservoir.
ix
A second problem Is considered in which a thin circular disk moves 
broadside throgh a viscous fluid toward a plane wall that is parallel 
to the disk. An expression for the Stokes drag is obtained which 
agrees with the experiment and reduces to known theoretical results 
at extremes of large and small distances from the disk to the plane.
x
I. INTRODUCTION
The present work is a consideration of two problems in low 
Reynolds number fluid dynamics: The first problem is the drag on a
solid circular cylinder moving parallel to its longitudinal axis 
through a viscous fluid whose outer boundary is a coaxial cylindrical 
tube. The second problem is the drag on a thin disk as it moves 
broadside through a viscous fluid and approaches a fixed plane 
boundary parallel to the disk.
This introductory chapter is divided into four sections. In 
section A, the relevant equations of fluid motion are summarized and 
their limitations are discussed. In section B, the present problems 
are stated and the notation is introduced. In section C, previous 
experimental and theoretical work on these problems is discussed. In 
section D, the present experimental work is introduced.
A. EQUATIONS OF FLUID MOTION
1. Newtonian and Non-Newtonian Fluids
Viscous fluids are generally divided into two groups,^ Newtonian 
fluids and non-Newtonian fluids. Newtonian fluids are those that
1
2show a linear relationship between stress and rate of deformation. 
Thus, they satisfy the theory of v Ib c o u s fluids based on the 
constitutive equation
is the fluid velocity vector, d . • = (v. .+ v. . )/2 is the deformation
» » J J*1
rate tensor, and y and X are viscosity coefficients. The 
coefficients of viscosity are functions of the material temperature 
and pressure, but are usually assumed to be independent of the 
spatial coordinates. Common gases such as air and liquids such as 
water and mercury are Newtonian fluids.
Non-Newtonian fluids are those that do not obey Eq.(l.l). Fluids 
such as tar, lubricants, colloids, polymer solutions, and paste are 
generally non-Newtonian. One of the most common displays of 
non-Newtonian behavior is the dependence of the viscosity coefficient 
upon the rate of shear. In such cases it is possible for the fluid 
to exhibit Newtonian behavior when the shear rate is sufficiently 
small.
Both Newtonian and non-Newtonian fluids obey the equation of 
continuity
(1.1)
where t .. is the stress tensor, P is the hydrostatic pressure, v.
1J K
» (1.2)
which is simply a statement of the conservation of mass ( P is the
3fluid density). In the case of an incompressible fluid, the equation 
of continuity becomes
'v'.v' -  0 . (1.3)
2, The Navier— Stokes Equations
Of interest to us in our current work are incompressible Newtonian 
fluids, which are fluids whose motion is governed by the equation of 
continuity in the form of Eq.(1.3) and the Navier-Stokes equation
9V* —
Pg^—  + p (v. V )v = - ^ P o + pv2~  + F ext , (1.4)
where V  = “ (r.t) and PQ= PQ(r,t) are the velocity and pressure 
respectively at the position "r and the time t* ^ext represents the 
external force per unit volume. The pressure gradient VPq and the 
viscous force per unit volume pV2v are classified as surface 
forces because they act on the boundary of a fluid particle, 
p(?v/3t) and p(v. v")v are called inertial forces because they 
express the rate of change of momentum per unit volume of a fluid 
particle. The flow is said to be a steady flow when ( 3“/ 3t) = 0 
throughout the fluid.
If the external force is conservative (e.g., gravity), it can
be expressed as the gradient of a scalar and can be combined with the 
pressure term to give
where P is called the modified pressure.
3. The Reynolds Number and The Stokes Equations
The Reynolds number is defined as
Re ~ p Lv/p , (1.5)
where L is a characteristic length (e.g., the length of the 
cylinder). Re can be thought of as the ratio of the inertial force 
p (v. v)v to the viscous force pV2"v . If the flow is steady and 
Re << 1 , then the inertial force terms can be neglected and
Eq.(1.5) reduces to
? P  = pV2 “  . (1.7)
Equation (1.7) along with Eq.(1.3) are known as the steady flow 
Stokes equations or the equations of creeping flow.
If Re << 1 and the flow is unsteady (i.e., 3V/ 3t ^ 0) but the
2
Stokes number, defined as S = L p/ pt (where 7 is a 
characteristic time for the flow), is small (i.e., S << 1), then 
Eqs.(1.7) and (1.3) are still valid. In this case they are called 
the quasisteady Stokes equations. If Re << 1 but S is not small.
5then the unsteady term 3 "v/ 3 t in the equation of motion must be 
retained.
When the surfaces bounding the fluid are rigid surfaces, the flows
that satisfy the Stokes equation can be distinguished from the flows
satisfying the full Navier-Stokes equations by the following 
2 3properties: *
a. The Stokes flow solution is unique, that is, there cannot be more 
than one solution for Eqs.(1.7) and (1.3).
b. The Stokes flow has a smaller rate of dissipation of energy than 
any other incompressible flow in the same region with the same value 
of velocity taken on the boundary or boundaries of that region.
c. The Stokes flow is reversible.
4. Boundary Conditions
The most common assumption about the condition between a viscous 
fluid and a solid boundary is that there is complete adherence of the 
fluid to the boundary. This is known as the " no slip " condition. 
Stokes^ argued that the fluid must adhere to the solid, since the 
contrary assumption implies an infinitely greater resistance to the 
sliding of one portion of the fluid past another than to the sliding 
of the fluid over a solid. Though some authors have considered
6hypotheses involving slippage (i.e., a relative motion of the rigid 
surface and the fluid next to it), for several fluids, including 
water and mercury, experiments have indicated that the adherence 
(no slip) condition is appropriate even when the fluid does not wet 
the bounding surface (as in the case of mercury over glass).
There are two extremely different classes of fluids which appear 
to M slip One class is the rarefied gases. A rarefied gas flow is 
a flow in which the length of the molecular mean free path is 
comparable to some significant dimension of the flow field. The gas 
does not behave entirely as a continuous fluid but rather exhibits 
some characteristics of its molecular structure. The second class 
contains fluids with much " elastic character " , i.e. non-Newtonian
fluids with memories that fade very slowly.
6
It has also been argued in the case of a sphere settling toward 
a plane wall that there must be slipping when the mean free path of 
the molecules is larger than the separation between the sphere and 
the wall or else it will take the sphere an infinite amount of time 
to reach the wall.
In our present work we will consider the no slip condition to 
hold.
5. Lubrication Theory
Lubrication is the phenomenon of reducing the coefficient of 
friction between two moving solid surfaces with the help of a thin 
layer of fluid between them. The fluid layer is assumed to be very
7thin, so the rate of strain and the stress due to the viscosity of 
the fluid are very large. The large stress helps develop a large 
pressure in the fluid. In this case , the Stokes equations can be 
shown ^  to reduce to a form known as the Reynolds equation. The 
Reynolds equation has the general form of
9 / p h 3 9 P \  . 9 / p h 3 9 P \  _ \ 9 p h  , r  . 9 / v
9x p 9x 9y 9y) ~ 6(uru2)9T 6ph 9x ^ 1 2 ^
where the first term on the right side of the equation is known as 
the wedge term, the second term as the stretch term, and the third 
term as the squeeze term. The notation is given in Fig.1(b). We 
shall consider two particular cases, (a) squeezing flow and (b) wedge 
flow.
a. Squeezing flow
If the two surfaces are flat and parallel to each other with 
ui = u 2 = 0 , then only the squeeze term survives and Eq.(1.8) 
becomes
V2P = JL2p_ J£_ t (1.9)
Reynolds integrated Eq,(1.9) twice and obtained the basic squeeze
8Fiq.l(a)
w
h
Fig.1(b)
FIGURE 1
9film equation
Ft = K U L* ( i- X) .
T v h2 h2J 0
C1.10)
where F =j P.dA is the force applied to the plate, hQ is the 
initial squeeze film thickness, Lj is the typical length dimension 
of the plate, and K is a constant determined by the shape of the 
plate. Using Eq.(l.lO) one can derive the formula which represents 
the velocity with which the two surfaces approach each other to be
Equation (1.11) shows that the velocity with which the upper plate
circular disk of diameter D and the lower plate is an infinite plane, 
then K = 3 ir/64 and L y = D . Thus Eq.(l.ll) becomes
w = dh/dt = - (l.u)
approaches the lower plate varies as h3 . If the upper plate is a
w 32Fh3 (1.12)
( ^ ) 3 t (1.13)
where r = D/2 and F = -16 Wrwoo
10
b. Wedge flow
If = 0 and u = constant , then only the wedge term in the
right hand side of Eq.(1.8) survives. Also, if we assume that the 
density P is constant and that there is no flow in the y-direction, 
then 3P/ By = 0 , and Eq.(l,8) becomes
Equation (1.14) can be integrated to give
where B is a constant of integration.
As a special case for the wedge flow one can consider two flat 
planes as shown in Fig.1(a). One can start with the Stokes equations 
Eqs.(1.7) and (1.3) and achieve a similar result. By integrating 
Eq.(1.7) twice one gets v = (dP/dx)(1/2y )y(y-d) - uy/d which 
yields
d
where 0 = j£vdz is the volume rate of flow in the x-direction per 
unit length in the y-direction. In this case it turns out that 
B = 12Q P.
(1.14)
dP _ 6yU , 12Qy 
<Jx = "F" n7
(1.16)
11
B. STATEMENT OF THE PROBLEM
In consideration here is a cylinder of diameter 2a and length L
falling with its axis vertical within a coaxial cylindrical tube of
inner diameter 2b . The tube is filled with a homogeneous,
incompressible Newtonian fluid of density and viscosity . This
is illustrated in Fig.2 . The cylinder has end surfaces that are
flat and perpendicular to the cylinder axis. The cylindrical tube
also has flat horizontal end surfaces. The distance from the top of
the cylinder to the top of the tube is given by , while h denotes
the distance from the bottom of the cylinder to the bottom of the
tube. The problem is to study the effect of the boundaries on the
drag experienced by the cylinder due to the fluid.
This problem is of major interest due to its applicability to the
field of viscometry as well as testing the range of the validity of
8
lubrication theory. It also complements the work of Jeff Ui and
answers some of the problems encountered in his work.
The following dimensionless quantities are defined:
The cylinder aspect ratio A = L/2a
The Reynolds number Re = UL p / u or 2Ua p /u
The dimensionless tube radius B = b / a
12
U 2
SIDE VIEW
FIGURE 2
13
and Its reciprocal a = a/b = g_1 . and
The diraensionless distance from the bottom o = h/a
We are interested primarily in the following two cases:
1. A long cylinder (A >> 1) whose drag is influenced directly by the 
cylindrical sidewall (finite B ) but is not influenced by the bottom 
( o -+■ * ) or top (S/a «) walls of the tube.
2. A thin disk (A << 1) whose drag is influenced by the flat bottom 
wall (finite o ) but is not influenced by the side ( g ->■ oo ) or top 
(S/a -+ co ) walls of the tube.
In both cases we shall assume that the appropriate Reynolds number
(UL p f  v for case 1 , 2Uap / v  for case 2) is small enough for the
effect of the fluid inertia to be neglected. We shall assume further
9
that the flow is quasisteady. Cooley and 0‘Neill have shown that 
the condition for quasisteady flow is 2a2p U << u h , which can be 
rewritten as Re << a .
14
C. SUMMARY OF PREVIOUS WORK
There is no general solution for the case of a cylinder of finite 
length moving axially in a cylindrical boundary. However, there are 
both exact and approximate solutions to a number of limiting cases.
In this section I will first review the work done on the cases where 
the boundary effect is negligible and then review the cases where the 
boundaries are close enough to have a significant effect on the drag.
1. Negligible Boundary Effects
a. Disk of zero thickness (A = L/2a = 0)
For a flat circular disk of zero thickness the equation for the 
drag is given by 10
F D = 16 yUa . (1.17)
b. Cylinder of finite length (A = L/2a f  0)
This case has been studied by Ui et al.^ Their results can be 
summarized as follows:
15
0 < A < 1
= 1 + 0.437 A - 0.0749 A3 + 0.0623 A5 - 0.0250 A? , (1.18)
FD
1 < A < 4
p
“fT = 1.0276 + 0.3963 A - 0.0259 A2 + 0.0014 A3 , (1.19)
4 < A < 75
= 0.0244 + 0.5504 e + 3.32 e2 - 2.971 e3 , (1.20)
where e -  1 f ln(2A)
75 < A
f ■ m  = * 4 e5 + 28 e6 , (1.21)2-jrpUL 1- y e  - Cc
where "V = 1.5 - In 2 and 5 = 1 -  7r2/1 2  • Equation (1.18) is
ip
baaed upon the calculations of Roger, who used the beads-on-a-shell
model. Equation (1.20) is based upon the theoretical work of
13
Youngren and Acrivos, as well as two points calculated by Roger
(for A = 4 and A = 10). Equation (1.21) is obtained from the
14 15
theoretical work of Keller and Rubinow and of Russel et al.
Equation (1.19) is an empirical interpolation between Eqs.(l,18) and 
(1.20) but also uses Roger's calculated values at A = 1, 1.5, 2, and 
4 .
16
c. Cylinder of infinite length (A = * )
As A goes to * , e goes to zero (logarithmically), so 
Eq.(1.21) indicates that in this limit F goes to zero. Therefore, a 
cylinder of infinite length moving axially in a viscous fluid of 
infinite extent will experience zero drag. This statement means 
simply that the only steady flow solution is one for which the entire 
fluid is moving with velocity u , so there are no velocity gradients 
and no viscous stresses. The same conclusion can be reached from the 
solution of Happel and Brenner (to be discussed later) for the axial 
motion of an infinitely long cylinder bounded by an infinitely long 
cylindrical tube in the limit of infinite tube radius, and 
Batchelor's solution^ for the impulsively started axial motion of 
an infinitely long cylinder in the limit of infinite time.
2. The Effect of The Boundary
a. Disk of zero thickness
For a flat circular disk of zero thickness the influence of the 
cylindrical boundary can be considered as a limiting case to Wakiya's
17
solution for a spheroid
F 1 (1.22)
I M J a 1 - 1 .7 8 6 a + l. 128az
where 0 < ( a =a/b) << 1 and the effect of the top and bottom
17
boundaries are neglected. Shall and Norton^® extended Eq.(1.22) to 
larger values of a .
For the effect of the bottom on the disk in an otherwise unbounded 
fluid, the drag can be obtained from the general result of Brenner^ 
for a »  1 :
 F _ 1_______
16 Villa 1-3/tto +0la-')) * (1.23)
For the disk which is close to the bottom (a << 1) the problem 
has been treated by lubrication theory and is a case of the squeeze 
film problem. The result is
F _ 3-rr . (1.24)
TBjnJa T & -
as shown previously in Eq.(1.13).
b. Cylinder of infinite length
For an infinitely long cylinder one can assume that the flow in 
the annular region is in the axial direction only. In that case the 
( v. V)v term in the Navier-Stokes equation is zero. Thus, for a 
steady state solution, the Navier-StokeB equation reduces to
- £  - *  • (1-28)
When one integrates Eq.(1.25) twice and applies the appropriate
18
boundary conditions, one can solve for v
v = Gfr2 -a2 - ln(r/a)] + U ^  , (1.25)
In b /a  1n b /a
where
o =  ™  " " 2'TrTE75 "  = l dP
<bZ- a2)(frE 7r  - <b^  w  ’
and
b
Q = 2 TT Jv(r) r dr , (1.28)
a
where Q is defined as the volume rate of flow in the annular region. 
Then one can calculate the dimensionless drag per unit length on the 
sidewalls to be
p  . . r\ 2
F = -------- =-^-(2a2 - ^"b/5 )-l/[ln(b/a)] , (1.29)
2ttjjU
where F = 2 irpa(dv/dr)„__ is the drag per unit length. Happel and
r~a
20Brenner assumed Q = 0 and calculated F
F =  E  = ?2^l \ 4|1n g   * (1*30)so 27tpU ( s + i )  in e - (3 - 1 )
19
c. Cylinder of finite length
When the length of the cylinder is finite, one can no longer 
assume that the flow is axial throughout the fluid region. However, 
if the length L of the cylinder is large compared to the annular gap 
b-a , then one may assume that the velocity in the annular region is 
represented approximately by Eq.(1.26). Furthermore, the axial 
pressure gradient given by Eq.(1.27) results in an additional drag 
due to the dynamic pressure difference between the top and the bottom 
end surfaces of the cylinder. If one assumes that the pressure 
across the flat end surfaces is approximately constant, then the 
additional dimensionless drag per unit length is given by
Finally, if it is assumed that the effect of non-axial flow near the 
ends of the cylinder can be neglected, then the drag is given by the 
sum of Eqs.(1.29) and (1,31)
For a closed bottom tube, as a cylinder falls downward, the 
incompressible fluid being displaced by the cylinder has to move 
upward through the annular region. Thus, the volume rate of flow in
Fb r  = 2Ga2/u (1.31)
(1.32)
this case is Q = 1,32u , S m i t h L o h r e n z  et al,^2 and Park and
Irvine^ used that value of Q to calculate the drag
20
F = - -------(S2+D ---- (1.3?)
( e 2+ i )  i n  e -  ( e 2 - i )
Both eqs.(1.30) and (1.33) In the limit of >> 1 give 
F=l/(lnE5-l). As , F 0 as discussed previously.
d. Previous experimental work
i. narrow gaps (b >> b-a)
The narrow gap case (b >> b-a) is important in the instruments
used to measure the influence of pressure on viscosity. There is a
considerable literature on this problem, ranging from the early work 
24
of Bridgman to the recent automated laser-Doppler instrument
25
described by Chan and Jackson. In most of this work the emphasis
is on relative viscosity measurement (i.e., the instrument is
calibrated by means of fluids of known viscosities). We shall limit
our attention to those papers in which there is enough evidence for
comparison of the results with Eq.(1.33),
22Lohrenz et al. used short magnesium cylinders
(4.8 > L/2b > 3.9) with 0.034 > 1- a > 0,019 . Eccentricity (the
axis of the cylinder being at a distance e = 0 from the axis of the
tube) was prevented by the use of 8 centering pins (magnesium rods
thrd #1-72NF, diameter approximately 1.7 mm). Their experimental
values of the drag were 41% to 58% larger than predicted by
26Eq.(1.33). Lohrenz and Kurata used longer cylinders
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(9.5 > L/2b > 3.2) with 0.06 > 1- a> 0.022 ; their centering pins
(thin cylinders mounted in a broadside position through the center of
the falling cylinder such that the distance from the center of the
cylinder to the edge of the pin is close to b) were outside the
annular gap, and the effect of these pins on the drag was determined
empirically; their experimental values of the drag were 3% to 13%
27larger than predicted by Eq.(1.33). Chen and Swift did a
numerical analysis of the entrance and exit effects and reported
experiments with a wide range of length (12 > L/2b > 2) with
0.15 > 1- a > 0.08 . Their centering pins were 6 thin brass wires and
their experimental drag values were 1% to 5% higher than predicted by
28Eq.(1.33). Irving and Barlow reported measurements with 
L/2b = 1.6 and l-a= 0.036 . They did not use centering pins and 
their cylinder had a hemispherical lower end. Their measured drag 
was 11% lower than predicted by Eq.(1.33).
ii. wide gap
The wide gap case (b >> a) has been used recently^ as the basis 
for an atmospheric pressure viscometer (the "falling needle" 
viscometer). In order for Eq.(1.33) to apply in this case, it is 
necessary that the length L of the falling cylinder be comparable to 
or larger than the tube diameter. Park and Irvine used long thin 
cylinders (5.9 > L/2b > 0.80 , 141 > A > 32) with hemispherical ends 
and wide gaps (0.042 > a > 0.024). Their experimental values of the 
drag were 1.2% to 14% higher than predicted by Eq.(1.33). They
22
propose an end correction factor based on the Stokes drag law
8
applied to the hemispherical ends of their cylinders. Ui made 
measurements to determine the drag on a cylinder moving axially in a 
fluid of infinite extent. In developing an empirical boundary 
correction for the drag, he made measurements over the range
5.0 > L/2b > 0.018 , 230 > A > 3.7 , and 0.052 > > 0.0018 . He did
not compare his result with Eq.(1.3?), but our calculations indicate 
that all but one of his 142 data points give values higher than 
predicted by Eq.(1.33). The one low value is 1.7% below , and the 
high values range up to 220% above (but in a range of parameters for 
which Eq.(1.33) would not be expected to apply).
e. The effect of eccentricity on the velocity of the falling 
cylinders
7QIrving used the same result as Smith and Lohrenz et A1 but went 
a step further. He calculated the effect of eccentricity on the 
velocity of the cylinder. His result was
T = = Z[(b2+a2)ln(b/a) -(b2-a2)]/t *(b2+a2)] , (1.34)
V
ecc
where
Z = /[l/ln(R/a)]d 0
o
(1.35)
where vcon *s concentric velocity and vecc Is the eccentric
23
velocity. He did an experiment to verify his theory by tilting the 
tube in order to move the falling cylinders off center. His 
experimental results reflected what he predicted, that the cylinders 
fell faster in the eccentric position. Earlier theoretical work on
30
eccentric motion was done by Chen et Al, and experimental
31
verification was done by Lescarboura and Swift.
D. PRESENT EXPERIMENTAL WORK
Previous experimental work had concentrated either on narrow gaps 
or on wide gaps. My experimental work covered the gap range 
(0.99 > 1- a> 0.088), with 19 > L/2b > 0.45 and 385 > A > 1 . I 
also tackled a new boundary condition, which is the effect of an open 
bottom tube on the drag on a cylinder if the tube was situated in a 
tank full of the viscous fluid. Two such cases were treated: (1) the 
top of the tube above the level of the fluid, and (2) the top of the 
tube below the level of the fluid.
II. EXPERIMENT
This chapter is divided into six sections. In these sections are 
described (A) the tank and the fluid, (B) the boundaries and their 
support system, (C) the cylinders, (D) the release mechanisms, (E) 
the procedure for velocity measurements, and (F) the Newtonian 
character of the fluid.
The experimental part on the disk settling down towards the bottom 
was done by Jeffrey Trahan at Centenary College of Louisiana. His 
experimental procedure is discussed in references 32 and 33 .
A. THE TANK AND THE FLUID
The tank and fluid used in this experiment are the same as those 
8
used by Jeff Ui for long cylinders (he used a different tank and 
fluid for his measurements on disks). The tank has a square cross 
section (inside dimensions 30.5 cm x 30.5 cm) and a height of
61.0 cm . The level of the fluid in the tank was 49.0 cm .
The fluid used was a silicone oil (polymethylsiloxane). Ui 
measured the viscosity and the density of this fluid as a function of 
the temperature over the range 20 to 27 °C. His results are:
P= 0.9553 [ 1 + 1.1596x10~3 ( 24 - T ) ] g/cm3 , (2.1)
24
25
v = 35.54 t 1 + 1.976x10”2 ( 24 - T ) ] cm2/sec f (2.2)
where v = u / p and T 1b the temperature in °C. I decided to 
check If the fluid still maintained the same value for the viscosity. 
I used a Cannon-Ubbelohde viscometer No. 500 (A702) immersed in a 
bath of water at room temperature. My results were consistently 0.3% 
higher than Eq.(2.2). Therefore, in my calculations I modified 
Eq.(2.2) by using 35.65 instead of 35.54.
The cylindrical boundary of inside diameter 21.25 cm which was 
also used by Ui was left in the tank since it did not interfere with 
my boundaries.
B. BOUNDARIES
Glass tubes of different inner diameters were used. Tubes T2 and 
T3 had inner diameters of 0.9195 cm and 1.100 cm respectively.
They were made out of two graduated pyrex glass tubes (buret tubes 
with tolerance of 0.001 cm) cut to a length of 39 cm each. Tube T6 
was made out of a precision bore tube (with tolerance of 0.0005 cm) 
with an inside diameter of 1,905 cm and length of 41 cm . It was 
purchased from Wilmad Glass Company, Inc. , Buena, New Jersey. Tubes 
T4, T5, T7 were all made out of regular pyrex glass tubes (with 
tolerance of 0.001 cm) and had inner diameters of 1.555 cm, 1.754 cm, 
and 2.20 cm respectively. They were also cut to a length of 39 cm. 
Since tubes T4, T5, T6, T7 were not graduated, I taped
26
transparencies with calibrated marks on them. The transparencies 
were copies of a xerox copy of a glass galvanometer scale. The marks 
on the transparencies were calibrated using a precision travelling 
microscope. To reduce parallax errors two symmetric transparencies 
were mounted on opposite sides of the tube so that the same marks 
were across from each other on the tube. By lining up the lower end 
of the falling cylinder with the two marks, I was able to determine 
the position of the cylinder in the tube.
Since the tubes had relatively small diameters, they were unstable 
standing up vertically in the fluid on their own. Therefore, I had 
to build a device to support the tube in the fluid and at the same 
time make sure that the tube was vertical. A three legged adjustable 
support made out of aluminum (shown in Fig.3) was used. The 
relatively heavy aluminum made it stable at the bottom of the tank. 
Tubes of any diameter can be mounted on it by replacing the 
interchangeable holding ring. The holding screws are used to hold 
the tube in position in the support. A piece of plastic was inserted 
between the tube and the holding screws to avoid any damage to the 
tube. The leveling screws are used to adjust the verticality of the 
tube. A flat piece of aluminum with shallow holes in it to match the 
position of the leveling screws was put at the bottom of the tank. 
That piece of aluminum had dried up rubber cement on its bottom so 
that it would not move around easily in the tank, and the purpose of 
it was to insure that the support maintained its position in the 
tank.
To insure the verticality of the tube, two strings (plumb lines)
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with brass cylinders at their ends were mounted on two adjacent sides
of the tank inside the fluid between the big circular boundary
(22.25 cm in diameter) and the wall of the tank. This way the
circular boundary protected the weighted strings from any of the
fluid motion while the leveling screws were being adjusted. To
insure verticality of the tube, the tube was adjusted until its edges
o
were parallel to the strings, which were at 90 relative to each 
other with respect to the tube.
C. CYLINDERS
The steel cylinders were K0 pins (with tolerance of 0.0013 cm)
purchased from Dixie Industrial Supply, Inc. , Lexington, Kentucky.
The rest of the cylinders were machined out of brass, aluminum, or
acrylic plastic. Different types of cylinders were made. Some were
just solid cylinders. Some were made partially hollow at one end on
the inside in order to move the center of gravity closer to the other
end; both ends were kept closed. Also, some were made of part
acrylic plastic and part brass for the same reason; to move the
center of gravity to the lower end (the brass end).
Guiding fins were put on some of these cylinders, especially in
the case when the gap between the cylinder and the boundary was
narrow. The fins were made out of thin plastic of thickness 0.021
o
cm. Three were mounted at each end, 120 apart. The purpose of 
these fins was to make sure that the cylinder was falling through the 
center of the tube. This was achieved by making the distance from
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the center of the tube to the edge of the fin close to the inner 
radius of the tube. A groove was cut in the side of the cylinder and 
then the fin was inserted and glued in using super glue.
Figure 5 illustrates the different types of cylinders and what the 
fins looked like. Table I lists the dimensions and the different 
types of cylinders used.
D. RELEASE MECHANISMS
The cylinders with the guiding fins on them were released by hand, 
since the purpose of the fins is to force the cylinders to fall 
through the center of the tube.
For the cylinders which had no guiding fins a release mechanism 
similar to that used by Jeff Ui was employed. A piece of metal or 
plastic was machined to fit tightly into the tube. Then a hole close 
to the diameter of the cylinder was drilled through its center.
Thus, a different dropper was made for each different tube and for 
each different diameter cylinder. Three wide grooves were made on 
the side of each dropper that were 120° apart in order to allow the 
fluid being replaced by the falling cylinder to ooze out. The bottom 
of the dropper was made to have a sharp edge so as to minimize the 
boundary effect between the dropper and the falling cylinder so that 
the cylinder would not lean toward one side as it left the dropper. 
The droppers are illustrated in Fig.6,
A dropper with a movable center was also machined in order to see 
the effect of eccentric motion on the cylinders. The dropper was
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TABLE I
DESCRIPTION OF THE CYLINDERS AND THEIR DIMENSIONS
CYLINDER L (cm) 
(0.0025)
2a(cm)
(0.0005)
M (gm) 
(0.0001)
TYPE
EXTRA
DESCRIPTION
A1
A2
A3
A4
A5
A6
A7
A3
A9
A10
15.24
ti
ii
ii
ii
ii
m
ii
12.69
11.245
0.0395
0.051
0.076
0.099
0.124
0.150
0.1755
0.316
0.316
0.195
0.1539 
0.2468 
0.5662 
0.9417 
1.4872 
2.1678 
2.9315 
9.4021 
7.8224 
2.6913
KO STEEL 
PIN
B1
B2
10.00
12.005
0.320
0.320
0.9549
1.1382
PLASTIC
Cl 10.745 0.393 3.2833 PYREX GLAS'
C2
C3
9.855
12.37
0.474
0.475
13.6804
17.1362
KO STEEL 
PIN
D1
D2
D3
D4
D5
D5
D7
D8
D9
1.00
2.50 
5.00 
5.145
7.50 
9.89 
9.995
14.845
19.17
0.477 0.4802
1.1935
2.3819
2.4542
3.5785
4.7128
4.7705
7.0779
9.1506
ALUMINUM
El 6.50 0.630 17.2738 BRASS
3 3
TABLE I (continued)
CYLINDER L (cm) 2a(cm) M (gm)
(0.0025) (0.0005) (0.0001)
TYPE
EXTRA
DESCRIPTION
FI
F2
F3
F4
F5
F6
F7
F8
F9
1.005
2.495
5.000
5.050
7.490
9.970
10.005
14.960
18.900
0.6385 0.8677
2.1519
4.3155
4.3557
6.4542
8.5887
8.6252
12.9008
16.3246
ALUMINUM
G1
02
G3
G4
5.195 
8.495 
9.880 
9,935
0.658 3.5167
3.4280
5.4812
3.9866
c
a
c
a
PLASTIC
PLASTIC
HI 5.930
H2 5.25/6.41
II 10.00
K1 10.00
Ml 6.580
M2 10.010
M3 10.480
M4 10.475/10.70 
M5 10.475/10.835 
M6 10.475/10.930 
M7 10.475/11.085
M8 10.615/10.055
0.682 3.6300
" 2.7948
0.7305 11.2626
0.825 14.3879
0.894 4.8811
" 7.4416
" 7.7751
" 7.8522
" 7.8888
" 7.9189
" 7.9361
" 7.6733
d
d CONICAL
BRASS END
a ALUMINUM
a ALUMINUM
a PLASTIC
ONE 
CONICAL END
HEMISPHERICAL
ENDS
3 4
TABLE I (continued)
CYLINDER L (cm) 2a(cm) M (gm) TYPE
(0.0025) (0.0005) (0.0001)
01 1.000 0.9545 2.5061
PI 2.500 0.9560 4.8220
P2 5.000 " 9.6500
P3 7.500 " 14.4487
P4 10.000 " 19.2996
Q1 4.210 0.977 7.8545
Q2 10.665 1.265 16.8173
R1 10.215 1.280 15.5908
R2 11.025 " 16.8234
EXTRA
DESCRIPTION
ALUMINUM
ALUMINUM
ALUMINUM
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TABLE I (continued)
THE FOLLOWING CYLINDERS HAVE FINS
CYLINDER L (cm) 2f (cm)
(0.0025) (0.005)
LI 3.67 0.910
SI 10.00 1.536
T1 10.00 1.749
UI 10.00 2.180
VI 10.00 2.182
V2 10.00 2.181
2a(cm) M (gm) TYPE
(0.0005) (0.0001)
0.8412 5.2474 c
1.292 35.4047 a*
1.5995 169.4130 a**
1.874 233.7500 a**
1.906 58.2035 b
1.906 79.4754 a*
* Made of aluminum
** Made of brass
3 6
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made of brass. It was machined so that it would fit tightly into the 
tube. Then a rectangular hole was drilled through its center. The 
rectangular hole had an edge to it so that a square block would slide 
on it through the hole. A circular hole the same size as the 
cylinder was drilled through the center of the square block. The 
square block was mounted inside the rectangular hole with two springs 
on one side of it and a screw going through the main body of the 
dropper on the other side. The purpose of the screw was to push the 
square block against the springs and thus to adjust the position of 
the hole in the dropper. There was a mark made on the square block 
to mark the center of the hole and a set of marks on the edge of the 
rectangular hole to help determine the position of the center of the 
circular hole through which the cylinder would fall relative to the 
center of the tube. This dropper is illustrated in Fig.6.
E. VELOCITY MEASUREMENTS
The velocity was measured manually. Since one can determine the 
position of the cylinder in the tube by lining up the two 
corresponding marks on the transparencies that are across the side of 
the tube with the edge of the cylinder, and since the separation 
between the marks was calibrated using the travelling microscope, the 
distance travelled by the cylinder could be measured. The time was 
measured using an Armitron digital stop watch. Then the velocity was 
calculated by dividing the distance by the time. In the case when 
the cylinders were falling very slowly the velocity was monitored by
38
keeping cumulative time versus position in the tube.
Since the velocity depended also on the density and the viscosity 
of the fluid and since both are functions of the temperature, the 
temperature was monitored inside the tank using two mercury-in-glass 
thermometers. One thermometer was right next to the wall of the tank 
and the other was near the center of the tank near the boundary of 
the inside tube. It must be noted that sometimes there was a 
difference of about 1*C between the readings of the two thermometers. 
This usually occurred when the temperature in the room was going up 
or going down. I avoided running the experiment under such 
conditions since it reflected that the temperature of the fluid was 
not uniform. Usually when I ran there was less than a 0.2*C 
difference between the two thermometers.
I also tried to test the effect of the eccentric motion of the 
cylinder on the value of the velocity. I did that by tilting the 
tube at an angle, thus forcing the cylinder to fall off center. I 
did that with the help of the leveling screws that are on the support 
system.
F. NEWTONIAN CHARACTER OF THE FLUID
Silicone fluids with absolute viscosities of 1000 cp or lower are
essentially Newtonian in their behavior. Those with absolute
viscosities larger than 1000 cp can be considered Newtonian if the
34rate of shear is low. Currie and Smith have shown that a 3100 cp 
silicone fluid is Newtonian if the shear rate is less than 60 s  ^,
39
21
G. S. Smith has derived an expression for the rate of shear at 
the cylinder surface in the case of a closed bottom tube:
dv  ^ _ U (e2-i)
W > - T rF+1 Hn e-teM! ' <2*3>r-a
For the cylinders that I have used, the maximum rate of shear in the 
.case of the closed bottom tube was less than 11.0 s_1 and the 
viscosity of the fluid (3554 cp) was only slightly larger than the 
fluid of viscosity of 3100 cp. Therefore, I can safely consider my 
fluid to be Newtonian for the drag on the cylinder surface. In the 
case of the open bottom tube with its top above the level of the 
fluid, the equation for the rate of shear is
dvx _ u ( e2- 3 ) ( e 2- i )  + 4 In b , f .
" T  ( e M H ( 0W I n  b - (b2- H )  ■ ( 2*4)r “O
The maximum rate of shear value that I had in that case was less than
3.0 s’* Since there is no solution to represent the open bottom tube 
with the top below the level of the fluid, I decided to use Eq.(2.4) 
as an upper limit for the rate of shear calculations. The reason why 
I considered Eq.(2.4) as an upper limit is because in this case the 
flow Q is negative and since Eq.(2.4) applies to the Q = 0 situation 
then it has to be an upper limit to a negative Q situation. Using 
Eq.(2.4), I found that the maximum value for the rate of shear in 
this case came out to be less than 42 s"1 which is less than 30 s"1. 
Thus, I can conclude that the fluid was Newtonian for all three cases 
considered.
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Youngren and Acrivos as well as Roger have shown that the 
rate of shear sharply peaks at the corner of a cylinder where the 
curved surface meets the flat end surfaces. However, since our 
cylinders are relatively long we can consider the corner effect to be 
negligible relative to the effect of the sidewall, top, and bottom of 
the cylinder. Thus, we can safely claim that the fluid is Newtonian 
in the range of our parameters.
Ill RESULTS
This chapter is concerned with analyzing previous results as well
as my own results. It is divided into three main sections. In
section A, the analysis of the closed bottom results will be covered. 
In section B, the results of the open bottom tube will be analyzed.
In section C, the disk results will be presented.
A. CLOSED BOTTOM TUBE
1. Analysis Of Some Previous Results
a. Narrow gaps (1-a << 1)
All of the studies of the narrow gap case are based upon the
theoretical result that we have expressed as Eq.(1.33). The problem
with Eq.(1.33) is that it does not account for the ends of the
27cylinders as they fall down inside the tube. Chen and Swift used 
the variational method to calculate the entrance and exit effects in a 
falling cylinder viscometer with a narrow gap. They calculated the 
ratio ^ee velocity corrected for the end effects to the
41
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uncorrected velocity as a function of Re, L/2b, and a • In
expressing their results, we shall use the following notation: Let F
be the total drag (either calculated or measured) made dimensionless
by the factor 2 iry UL. Let F , be the theoretical dimensionless drag
t h
given by Eq.(1.33). Then (F/F^J-l expresses the fraction by which 
F exceeds F ^  and therefore is an indication of the influence of 
entrance and exit effects on the drag. In the terms used by Chen and 
Swift, (F/F^)-l = (1/^0 0)—1 for their calculated values and 
(F/F^)-l = (l/6r )-l for their experimental values.
Using their calculated results for Re = 0, we have obtained an 
expression for (F/F^)-l as a function of L/(b-a) and a • These 
results are listed in Table II . When one plots (F/F^)-l versus 
1/L for fixed a one can deduce that (F/F^)-l is inversely 
proportional to L. Then if one divides (F/F^)-l by (b-a)/L ,
where the (b-a) term is the gap width, and plots that versus a on a
log-log graph one gets that (F/F^)-l is directly proportional to 
(b-a)ct2/L . Finally, using the least squares method one can calculate 
the proportionality factor to be 1.670. A plot of (F/F^)-l versus 
(b-a)a 2/L is shown in Fig.7 . Thus, the theoretical correction 
factor is
(F/FiL)-l = 1.670(b-a)a}5/L . (3.1)
tn
We then decided to check if their experimental results fit with
Eq.(3.1). From their graphs we obtained their experimental values of
the ratio (defined as g ) of the measured velocity to the calculated
r
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TABLE II
RESULTS OF CHEN AND SWIFT
L/2b CALCULATED
<F/Fth>-1
CORRELATION
Eq.(3.1)
EXPERIMENTAL
0.8489
0.8999
0.9210
0.0581
0.0396
0.0319
0.0581
0.0396
0.0317
0.0514
0.0396
0.0303
0.8489
0.8999
0.9210
0.0290
0.0198
0.0160
0.0291
0.0198
0.0158
0.0285
0.0183
0.0184
0.8489 
0.8999 
0,9210
0.0194
0.0132
0.0106
0.0194
0.0132
0.0105
0.0265
0.0175
0.0138
0.8489
0.8999
0.9210
0.0145
0.0099
0.0080
0.0145
0.0099
0.0079
0.0204
0.0166
0.0154
12 0.8489 
0.8999 
0.9210
0.0097
0.0066
0.0053
0.0097
0.0066
0.0053
0.0154
0.0133
0.0119
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uncorrected velocity. Values of (l/g )—1 = (F/F_. )-l are listed inr th
Table II and are plotted in Fig.7 . These experimental points lie 
along a line that has a slope of 1.244 and a positive intercept of 
0.008 . Although the slope is different from 1.670, the function
H
(b-a)a /L seems to correlate the experimental points. The 
difference in the slope and the positive intercept can be attributed 
to the friction between the guiding pins and the wall of the tube, as 
argued by Chen and Swift.
As the gap width b-a decreases, both the numerical and 
experimental results of Chen and Swift approach more closely the 
theoretical result expressed in Eq.(1.33). This is not surprising, 
since the assumptions made in deriving Eq.(1.33) should be more valid 
as the annular gap between the falling cylinder and the outer 
cylindrical boundary becomes smaller. However, two earlier
26
experimental studies showed a contrary result. Lohrenz and Kurata, 
who used guiding pins external to the annular gap, varied the 
effective cylinder length by a factor of 3 and changed a from 
0.9400 to 0.9778 . Their results are presented in Table III . We 
have found that it is possible to correlate their results with the 
following expression:
(F/F )-l = 0.187b(l-a . (3.2)
th
The correlation is shown in Fig.8 . The inverse dependence on L is 
in agreement with Chen and Swift, but the inverse dependence on 
.1- a is unexpected and is probably due to the disturbance of the
y.2
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TABLE III
DATA OF J. LOHRENZ AND F. KURATA
2b = 0.7998 cm
BODY CODE L(cm) a <F/Fth '-1 (2b/L)<l-
L-308 7.620 0.9778 0.04428 0.4814
L—304 7.620 0.9648 0.03595 0.4003
L-300 7.620 0.9517 0.03595 0.3528
L-296 7.620 0.9400 0.03040 0.3234
M-308 5.080 0.9778 0.07285 0.7221
M-304 5.080 0.9654 0.06360 0.6047
M-300 5.080 0.9527 0.04965 0.5336
M-296 5.080 0.9400 0.04080 0.4852
S-308 2.540 0.9775 0.13033 1.4365
S—304 2.540 0.9638 0.10852 1.1877
S-300 2.540 0.9520 0.08838 1.0609
S-296 2.540 0.9406 0.08378 0.9742
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entrance and exit flows by the guiding pins or due to the authors'
experimental treatment of the additional drag due to the guiding
22
pins. The earlier work of Lohrenz et al, also showed an inverse 
dependence on 1- a , but the large deviation from Eq.Cl.33) (41% to
58%) in their work suggests that their large guiding pins (located 
within the annular gap) strongly influenced their results.
i
b. Wide gap ( a<< 1)
23
Park and Irvine have presented experimental results in support 
of their "falling needle" viscometer. Although they employed wide 
gaps, the length of their cylinders was comparable to or larger than 
the diameter (2b) of the outer boundary, so they also have used an 
equation like our Eq.(1.33) to analyze their results. Their 
cylinders had hemispherical ends rather than flat ends, but since the 
aspect ratios (L/2a) were quite large (32 to 141), the shape of the 
ends is probably not an important factor. However, it does cause an 
ambiguity in the definition of cylinder length. Let L' be the total 
length (from tip to tip) of the cylinder. We shall use as the 
effective length L = L'- a , which is halfway between L' and the 
length L'-2a of the cylindrical part of the needles. The 
difference between L and L' does not exceed 1.6% for their data.
We have obtained the data of Park and Irvine from their graph 
(Fig.4 in their paper). The results are given in Table IV . In 
Fig.9, the results are plotted versus the parameter suggested by the
0.14 .
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TABLE IV
DATA OF PARK AND IRVINE
CYLINDER L(CM)
BOUNDARY
(cm) a (b-a)a h I
5 5.287 3.998 
5.080 
6.665
0.04140
0.03258
0.02483
0.0990
0.1193
0.1425
0.07375 
0.08390 
0.09685
6 7.239 3.998
5.080
6.665
0.04137 
0.03256 
0.02482
0.0641
0.0845
0.1097
0.05385
0.06125
0.07070
7 9.353 3.998
5.080
6.665
0.04140
0.03258
0.02483
0.0435
0.0575
0.0746
0.04170
0.04740
0.05475
8 11.38 3.998 
6.665
0.04140
0.02483
0.0328
0.0609
0.03425
0.04500
9 15.36 3.998
5.080
6.665
0.04137 
0.03256 
0.02482
0.0202
0.0346
0.0406
0.02540
0.02885
0.03335
10 17.50 3.998 
5.080 
6.665
0.04137
0.03256
0.02482
0.0202
0.0323
0.0351
0.02225 
0.02535 
0.02925
11 19.32 3.998
5.080
0.04137
0.03256
0.0138
0.0234
0.02015 
0.02295
12 23.31 3.998
5.080
0.04137 
0.03256
0.0112
0.0148
0.01570
0.01900
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narrow-gap calculation of Chen and Swift. Surprisingly, this 
parameter is quite successful in correlating the data of Park and 
Irvine. The correlation shows the same slope (1.670) but a slight 
negative intercept (-0.017), The following equation is a least 
squares fit to the data of Park and Irvine:
4
( F /F th )—1 * 1.670(b-a)<* ./L “  0.017 . (3 .3 )
j.
For convenience, let y = (F/F^)-l and x = (b-a)a /L so that 
Eq.(3.3) may be written as y = 1.670x - 0.017 .
2. Present Work
a. Intermediate Gaps
It is remarkable that the parameter x=(b-a)a which emerges 
from Chen and Swift's numerical studies of narrow gaps (l-a=0.10) 
should succeed in correlating the wide gap data of Park and Irvine 
(1- o = 0,97). Moreover, the slope of the y versus x curve is the 
same (1.670) in both cases. To explore the intermediate gap region,
I have made a series of measurements with 11 different values of 1-a, 
ranging from 0.088 to 0.783 . For each value of 1-a (except the 
smallest), I used a set of 5 cylinders ranging in length from 1 cm to 
10 cm . For the narrow gap (l-<* =0.088), only one cylinder was used; 
its length was 10 cm and it was necessary to use fins on this
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TABLE V
MY CORRELATION RESULTS
a CYLINDER
217 D1
11 D2
ii D3
ii D5
ii D7
250 D1
ii D2
ii D3
ti □5
ii D7
272 D1
i i D2
ii D3
ii D5
n D7
290 FI
ii F2
ii F3
n F5
n F7
335 FI
ii F2
ti F3
ii F5
ii F7
364 FI
ii F2
ii F3
ii F5
ii F7
F /Fth- 1
Js
(b-a)a /L
0.599 0.401
0.232 0.160
0.113 0.0802
0.0768 0.0535
0.0548 0.0401
0.530 0.357
0.212 0.143
0.111 0.0715
0.0722 0.0476
0.0601 0.0357
0.487 0.333
0.189 0.133
0.0837 0.0666
0.0629 0.0444
0.0391 0.0333
0.609 0.419
0.242 0.169
0.122 0.0841
0.0794 0.0562
0.0636 0.0420
0.535 0.355
0.217 0.147
0.103 0.0733
0.0637 0.0489
0.0725 0.0366
0.467 0.335
0.184 0.135
0.0996 0.0673
0.0534 0.0449
0.0376 0.0336
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TABLE V (continued)
a CYLINDER F ' V  1 (b-a)afyL
0.501 01 0.4B7 0.336
0.502 PI 0.193 0.134
•i P2 0.0895 0.0672
u P3 0.0577 0.0448
ii P4 0.0456 0.0336
0.519 D1 0.212 0.159
ii D2 0.0798 0.0637
n D3 0.0888 0.0319
i i D5 0.0750 0.0212
ii D7 -0.0139 0.0159
0.544 01 0.401 0.295
0.545 PI 0.144 0.118
ii P2 0.0654 0.0589
ii F3 0.0357 0.0393
i i P4 0.0306 0.0295
0.594 FI 0.145 0.116
n F2 0.0597 0.0469
n F3 0.0208 0.0234
it F5 0.00770 0.0156
it F7 -0.0407 0.0117
0.912 TI -0.0341 0.00738
cylinder to insure concentric motion. The data are presented in 
Table V and the values for x < 0.1 are plotted in Fig.10 . The 
major conclusion is that Eq.(1.33) represents the data well over the 
entire range of gap widths. Therefore, Eq.(3.3) can be used as an 
empirical correction to Eq.(1.33) to account for entrance and exit 
effects in the falling cylinder viscometer. However, there are some 
limitations on the use of Eq.(3.3), and these limitations are 
discussed in the next section.
b. Limitations of Eq.(3.3)
Equation (3.3) is an empirical expression of the departure of the 
experimental drag from the theoretical Eq.(1.33). Equation (1.33) 
arises from the assumption that the drag is due entirely to two 
factors: the viscous stress on the cylindrical sides and the dynamic 
pressure difference between the flat ends of the cylinder. The 
viscous stress on the sides is calculated using the assumption that 
the flow in the annular region is axial, an assumption that is valid 
only if the gap width b-a is less than the cylinder length L.
Also, it is assumed that there is no direct viscous interaction 
between the cylinder and the ends of the tube. Finally, one would 
expect that the correction to Eq.(1.33) expressed in Eq,(3.3) would 
be valid only for sufficiently small values of x. These assumptions 
can be expressed as follows:
(1) x << 1 ,
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(2) L << H , and
(3) (b—a) << L .
We have explored these assumptions by making measurements at values 
of x up to 0.42 and of L/H up to 0,39, and by examining the wide gap, 
short length cylinder data of Ui. The results for values of x up to 
0.42 are shown in Fig.11 . It is clear that when x exceeds 0.1, the 
observed values of y fall below the line of slope 1.670. We shall 
use x =0.1 as the limit of validity of Eq.(3.3) . At x = 0.1 , 
the difference between the value of y predicted by Eq.(3.3) and the 
value obtained by drawing a smooth curve through the data is about 
7%,
For the data in Fig.11, the value of L/H ranges from 0,026 to
0.26. The value of the fluid depth was about 39 cm for all of the 
closed tube results. We did not make a systematic study of the 
dependence of our results on L/H, but we do have two sets of 
measurements on cylinders with a length of 15.24 cm (L/th=0.39). The 
results for this cylinder are shown in Fig.11 . In general the 
values of y for this cylinder lie significantly above the predictions 
of Eq.(3.3), especially those values obtained in the wider tube 
(2b=1.754 cm). In the absence of a more systematic study, we shall 
adopt the criterion L/H < 0.33 as a criterion on the validity of 
Eq.(3.2). This criterion is similar to the result obtained by 
Sutterby for a small sphere falling along the axis of circular
.6
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tube: the sphere velocity was observed to be constant for the middle 
third of the tube length.
Of Jeff Ui's 142 data points, there are 35 for which x < 0.1 .
Of these 35, there are 5 that show a significant disagreement with 
Eq.(3.3). These points are shown in Fig.12 . The points arise from 
Ui's four longest cylinders (5.9 cm < L < 11 cm) falling in his two 
tubes of largest diameter (2b = 21.25 cm or 13.32 cm). Comparison of 
these points with the 30 points that do agree with Eq.(3.3) leads us 
to establish the criterion (b-a)/L < 0.75 for the validity of 
Eq.(3.3). All of Ui*s points that do not satisfy this criterion are 
shown in Fig.12 .
Therefore, we believe Eq.(3.3) to be valid subject to the 
criteria:
(1) X = (b-a)a /L < 0.1 , (3.3a)
(2) L/H < 0.33 , and (3.3b)
(3) (b-a)/L < 0.75 . (3.3c)
The points of Ui that Batisfy these criteria are plotted along with
our data and the results of Park and Irvine in Fig.13 . This figure
shows that Eq.(3.3) agrees well with data from three separate 
experiments covering a wide range of gap widths. For x < 0.02, both 
our data and that of Ui fall significantly below Eq.(3.3). We 
believe this difference to be due to eccentric fall of the cylinder.
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but we postpone a discussion of this point until our results on 
eccentric motion have been presented.
c. The stability of concentric motion
I tried a number of different cylinders to test for the most 
stable shape for use in the experiment. The different types of 
cylinders tested and used are presented in Fig.5 . The most stable 
of them all with no fins on them were the cylinders of type d. The 
heavy bottom and light top made them very stable.. They always fell 
straight down without moving from one side of the tube to the other.
I also tried cylinders with either conical or hemispherical ends.
I observed that the shape of the end did not have any effect on the 
stability of the falling cylinder. Actually, any shape other than a 
flat end would have made the problem more difficult to solve 
theoretically. This is why I used only cylinders with flat ends for 
my measurements on the drag.
It must be noted that solid cylinders without any weighted end 
when released off center had the tendency to move radially back and 
forth inside the tube, but when released through the center they fell 
straight down.
d. The effect of eccentricity
Chen et al ^  and Irving ^  have shown that for narrow gaps 
(a=0.9), eccentricity has a major effect on the velocity of the
cylinder as it falls down the tube. To study the effect of 
eccentricity for large gaps, I designed a special dropper with a 
movable center such that I could intentionally drop the cylinder off 
the center of the tube using a cylinder of type d. I also calculated 
Eq.Cl.34) numerically for that specific cylinder and tube. Equation 
(1.34) predicts that the velocity of the cylinder should increase as 
the eccentricity increases up to a certain value and then should 
decrease at large eccentricities. A plot of Eq.(1.34) is shown in 
Fig.15 for my wide gap case (a = 0.595) and for Irving's narrow gap 
case (a = 0.928) while the numerical results are found in Appendix V. 
For small values of the eccentricity ratio c/(b-a) the results are 
not sensitive to the value of a ; e is the distance between the axis 
of the cylinder and the axis of the tube. R in Eq,(1.34) is the 
distance from the center of the eccentric cylinder to the sidewall of 
the tube, so R is a function of the azimuthal angle 0.
The cylinder used was HI and the tube used was T3. When I tried
to drop the cylinder off center, it kept moving back toward the
center of the tube. Thus, I was not able to make any eccentricity
measurements this way. To force the cylinder to move in a stable
29
eccentric position I used the tilted tube method. Using the 
leveling screws at the bottom of the support, I could tilt the tube 
through an angle whose value could be determined as follows. I 
measured the distances between the ends of the leveling screws, and 
with the knowledge that the screws I was using had 32 threads per 
inch, I calculated the angle as a function of the number of 
revolutions that a specific screw would go through (see Fig.5). The
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TABLE VI
ECCENTRICITY EFFECT BY TILTING THE TUBE
n(rev.) 4> (degrees) T^
HI
0 0.00 1.00
1/2 0.306 0.997
1 0.612 0.965
2 1.22 0.741
3 1.34 0.711
4 2.45 0.780
G1
1.00
0.996
0.975
0.916
0.822
0.676
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angle of tilt is given by
<t> - tan-1 (0.0107 n) , (3.4)
where n is the number of revolutions the screw would go through after 
the system had been adjusted to a vertical position. I used two 
different cylinders, G1 and Hi, with tube T3. I observed that 
cylinder G1 was not falling at the same distance from the wall of the 
tube as cylinder HI, though both were falling parallel to the wall 
but off the center of the tube. Table VI gives my results, where 
is the ratio of the concentric velocity to the eccentric velocity. 
Figure 14 shows a plot of those data points. It must be noted that 
cylinder HI reached a maximum velocity as a function of eccentricity 
and then started slowing down which is qualitatively the same as 
predicted by Eq.(1.34), However, the minimum value of calculated 
theoretically did not match with that measured experimentally. 
Cylinder G1 did not reach its maximum velocity because it was not 
falling at the same distance from the wall of the tube as HI, and I 
did not tilt the tube far enough to allow the velocity of G1 to reach 
its maximum. The major result of this part of my work is that I have
i
confirmed experimentally that in the wide gap case, the terminal 
velocity of a cylinder in an eccentric position is larger than that 
of the same cylinder in the concentric position.
37
B. OPEN BOTTOM TUBE
Two cases were treated here: (1) the case where the top of the
tube is above the level of the fluid, and (2 ) the case where the top 
of the tube is below the surface of the fluid.
1. The Top of The Tube Above The Level of The Fluid
a. Effect of the bottom of the tank
When I did not close the bottom of the tube I observed the free
surface of the fluid within the tube to drop down as the cylinder 
moved down. During this initial motion, the cylinder was rapidly 
accelerating and then decelerating. Then I observed that the height 
of the free surface leveled out after a while as the cylinder was 
falling down, beyond which the velocity of the cylinder became 
constant. I decided to test how far the bottom of the tube should be 
away from the bottom of the tank such that it would not affect the 
terminal velocity of the cylinder. I made four pieces of thin but 
hard plastic of thickness 0.075 cm, 0.25 cm, 0.50 cm, and 1.0 cm, 
respectively. I put them one at a time at the bottom .between the 
bottom of the tube and the bottom of the tank .such that the 
separation between the two was the thickness of those plastic pieces. 
Then I dropped the cylinders through the tube and measured the 
terminal velocity. The tubes used were T2, T3, and T5 while the
cylinders used were A10 and 03. The results are given in
68
(cm/sec)
2b=1.754, 2a=0.475
3.00
2.25
2 b = l .100, 2a=0.475
1.50
2b=0.9195, 2a=0.475
2b=1.754, 2a=0.195
2 b = l .100, 2a=0.1950.75
2b=0.9195, 2a= 0. 195
1.0 1.20.6 0.30.2 0.4
h 1 / 2 b
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TABLE VII
RESULTS FOR THE EFFECT OF THE SEPARATION BETWEEN THE BOTTOM 
OF THE TANK AND THE BOTTOM OF THE TUBE h‘
Distance of Fall = 10.0 cm
2b(cm) 2a(cm) h'/2b Time(sec) U(cm/sec
(0 .0 0 1 ) (0.0005) (0 .0 0 2 ) (0 .2 )
1.754 0.475 0.00 4.02 2.491
n i i 0.043 3.65 2.740
If i i 0.143 3.27 3.051
II n 0.285 3.20 3.126
If n 0.570 3.12 3.212
h 0.195 0.00 8.73 1.145
ti ii 0.043 8.45 1.184
n ii 0.143 8.58 1.165
n ii 0.285 8.53 1.172
ii ii 0.570 8.38 1.193
1 .100 0.475 0.00 8.65 1.162
n ii 0.058 7.40 1.355
H ii 0.227 6.30 1.588
II ii 0.455 6.13 1.631
11 ii 0.909 6.02 1.662
11 0.195 0.00 12.78 0.783
11 n 0.068 12.87 0.777
II ii 0.227 13.05 0.766
II ti 0.455 12.88 0.776
11 n 0.909 12.48 0.801
0.9195 0.475 0.0 0 16.20 0.618
n ii 0.082 9.93 1.007
ii ii 0.272 8.82 1.135
ii n 0.544 8.48 1.179
ti ti 1.088 8.35 1.198
ii 0.195 0 . 0 0 15.32 0.653
n ii 0.082 14.84 0.675
•i ii 0.272 14.50 0.690
ii n 0.544 14.25 0.702
•i n 1.088 14.05 0.712
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Table VII with a plot of the results in Fig.16. Figure 16 shows that 
a separation of 1.0 cm is sufficient to give velocities independent 
of the separation for the tubes that I was using, though I actually 
used separations of more than 2.5 cm.
b. The variation of the velocity
Since the cylinder first accelerated and then decelerated as it 
was moving down until it reached its terminal velocity, I decided to 
monitor the velocity of the cylinder as it was moving downward. The 
tube used was T7 and the cylinder used was VI while the separation 
between the bottom of the tube and the bottom of the tank was greater 
than 2.5 cm. The result is given in Table VIII and a plot of the 
result is given in Fig.17. One can see from Fig.17 how the velocity 
approaches a constant value.
c. The drag as a function of 6
I did the same thing I did in the previous section using tubes T4
and T5 except I recorded only the terminal velocity and the 
difference in the level of the fluid inside and outside the tube. In
this case, when the cylinder reaches terminal velocity, the drag is
2
given by mg - piTa g(L+ a H) where a H is the level difference.
The results are listed in Table IX . A plot of the results for the 
dimensionless drag on the cylinders is shown in Fig.18. One can 
observe from the graph that the results seem to fit the curve
0.28
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TABLE VIII
THE VELOCITY OF A CYLINDER AS A FUNCTION OF POSITION IN THE 
TUBE FOR AN OPEN BOTTOM TUBE WITH ITS TOP ABOVE THE LEVEL OF 
THE FLUID
MARK POSITION VELOCITY(cm/sec)
ON THE TUBE*
RUN #1 RUN #2
24.5   0.300
24.0 0.423 -----
21.0   0.212
20.5 0.150 -----
19.0 0.045 0.045
18.0 0.017 0.021
17.0 0.016 0.016
16.0 0.014 0.014
15.0 0.013 0.014
14.0 0.013 0.013
13.0 0.014 0.014
12.0 0.013 0.014
11.0 0.013 0.013
10.0 0.014 0.013
9.0 0.013 0.013
8.0 0.013 0.013
7.0 0.013 , 0.013
5.0 0.013 ' 0.013
5.0 0.013 0.013
4.0 0.013 0.013
3.0 0.013 0.013
2.0 0.013 0.013
1.0 0.013 0.013
0.0** 0.014 0.014
* Distance between two adjacent marks = 1.014 cm
** End of the tube
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TABLE IX
RESULTS FOR THE OPEN BOTTOM CASE WITH THE TOP ABOVE THE LEVEL OF THE FLUID
TIME DISTANCE
2b(cm) CYLINDER OF FALL(sec) OF FALL(cm) T(°C) H(cra) Ff
(O.OOl) (0.2) (0.001) (O.S) (0.1) L
1 . 7 5 4 D7 6 . 9 0 4 . 0 6 2 2 . 1 2 . 0 1 . 9 9 5 3
i t F 7 6 . 6 3 n 2 2 . 1 3 . 7 3 . 1 1 0 6
M 1 1 5 . 3 7 3 . 0 5 2 3 . 0 4 . 8 4 . 1 1 7 3
11 K1 4 . 0 7 2 . 0 3 2 3 . 0 5 . 9 5 . 4 0 5 6
II P 4 5 . 4 4 2 . 0 3 2 3 . 0 7 . 6 5 3 . 3 7 9 7
II S I * 4 0 . 1 0 4 . 0 6 2 3 . 3 1 2 . 1 5 3 2 . 3 7 8 8
1 . 9 0 5 D7 4 . 4 2 3 . 0 4 2 4 . 0 1 . 7 1 . 8 1 4 3
i i F 7 5 . 4 7 4 . 0 5 2 4 . 0 3 . 2 2 . 7 7 6 5
i i P 4 7 . 4 0 i t 2 4 . 0 7 . 0 6 . 2 2 0 1
n S I * * 2 6 . 3 7 5 . 0 6 2 3 . 6 1 0 . 7 5 2 1 . 3 8 2 4
2 . 2 0 0 D7 6 . 1 5 5 . 0 6 2 3 . 1 1 . 4 1 . 5 1 3 9
i i F 7 5 . 3 9 • i i i 2 . 3 2 . 2 7 8 5•i P 4 5 . 7 0 i i i i 5 . 2 4 . 3 8 1 6
i i V I 6 2 1 . 7 8 8 . 1 0 2 1 . 9 9 . 0 1 9 1 . 2 9 5 5
1 . 5 5 5 D7 4 . 5 2 . 0 3 1 9 . 9 2 . 7 2 . 3 7 8 6
ii F 7 4 . 6 7 i i 1 9 . 9 4 . 4 3 . 9 8 3 5
i i 1 1 5 . 5 4 i i 1 9 . 6 5 . 7 5 . 5 2 3 4
i i K1 6 . 7 3 t i 1 9 . 6 7 . 1 7 . 5 9 1 0
ii P 4 1 0 . 5 9 n 2 0 . 0 9 . 2 1 2 . 9 4 3 5
n S I * * * 4 9 . 4 1 1 . 0 1 2 0 . 2 1 4 . 3 9 2 . 4 1 4 4
* mass =* 35*4061 gmB
** maBB = 35.4165 £m8
*** maBB = 35.4111 gma
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representing Eq.(1.32) for Q=0
F (Q=0) = ------------   . (3 .5 )
(B2+ 1) In 8 - (B2- 1)
Also shown in Fig.18 are experimental results for the closed bottom 
tube compared with Eq.(1.33); for these data , x does not exceed
0.042, so the end correction given by Eq.{3.3) is less than Q% which 
is insignificant on this logarithmic plot. End corrections were not 
made for the data shown in Fig.18.
2. The Top of The Tube Below The Surface of The Fluid
For this part I decided to keep the length of the cylinders 
constant in order to reduce the number of variables. I used 
cylinders with a length of 10 cm. I assumed a length of 10 cm would 
be long enough to be considered infinite relative to the diameter of 
the boundary especially since the same cylinders in the previous two 
cases reflected results that were in good agreement with Eq.(l,32) 
but for different values of Q. My results are presented in Table X.
A plot of my results is shown in Fig.18 . As one can see, my results 
fit neither Eq.(1.33) nor Eq.(3.5). They reflect a volume rate of 
flow Q which is positive (Q > 0) for a < 0.42 and a flow which is 
negative (Q < 0) for a > 0.42. I decided to investigate it a bit 
more to see if the length of the cylinder had a major effect on the 
results, and it did. For cylinders of length greater than 15.0 cm, 
Qis negative for all a . I did not pursue this problem further.
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TABLE X
RESULTS FOR THE OPEN BOTTOM IMMERSED TOP CASE
2b(cm)
(O.OOl)
CYLINDER
TIME 
OF FALL(eec) 
(0.2)
DISTANCE 
OF FALL(cm) 
(0.001)
TEMPERATURE(°C) 
(0.5)
1.754
i i
ti
i i
i i
i i
i i
D7
F7
II
K1
P4
SI*
TI
24.02
20.68
19.48
18.23
17.10
14.92
5.15
15.24
i i
n
n
i i
n
n
23.0
23.1
23.1
23.2
23.2 
23.4
21.2
2.1296
3.3338
4.0983
4.9143
6.1797
9.9585
21.6767
1.905 D7
F7
II
K1
SI
28.92
25.66
23.65
23.05
12.87
20.26
i i
n
■i
15.20
24.6
22.1
23.0
22.0 
23.4
1.9962
3.0467
3.7347
4.5574
8.6149
2.200
i i
D7
F7
19.65
21.44
15,19
20.26
21.0
21.0
1.6765
2.4892
0.9195
i i
D7
F7
78.62
75.08
19.66
it
20.9
20.9
5.1742
8.9656
1.58
i i
n
i i
n
i i
i i
t i
•i
i i
i i
n
i i
i i
A2
A3
A4
A5
A6
A7
D4
D6
D8
D9
F4
F6
F8
F9
64.00
31.60 
21.65 
15.10 
11.50
9.35
22.40
20.20
19.35
17.90
16.60 
12.60 
10.20
8.80
10.00
i i
i i
i i
i i
•i
n
•i
n
ii
n
i i
i i
20.7
n
ii
i i
•i
i i
i i
i i
n
i i
20.0
i i
i i
t i
0.3853
0.4385
0.4983
0.5493
0.6095
0.6690
2.8632
2.5959
2.4888
2.3065
3.8289
2.9007
2.3519
2.0342
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TABLE X  (continued)
TIME DISTANCE
2b(cm) CYLINDER OF FALL(eec) OF FALL(cm) TEMPERATURE(C) F
(0.001) (0.2) (0.001) (0.5) E
1.555 D1 78.03 25.36 19.8 3.9300
" D2 62.84 " " 3.1360
" D3 56.30 " " 2.8002
" D5 42.30 20.29 " 2.6364
" 07 40.08 " " 2.4993
" FI 80.80 25.36 " 7.3309
" F2 62.42 " M 5.6542
" F3 52.32 " " 4.7445
" F5 37.31 20.29 " 4.2186
" F7 34.06 " " 3.0538
" II 31.67 " 19.7 4.6670
" K1 22.79 15.22 11 5.7256
" 01 69.96 20.29 19.9 26.0598
" PI 65.88 ” " 16.6925
" P2 44.60 n " 11.3116
" P3 34.28 " " 8.6695
" P4 27.92 " " 7.0809
" SI** 30.36 " " 14.1639
* raaBG - 35.4061 £ms
** maae “  35.4111 £ms
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C. DISK RESULTS
1. Disk Approaching a Parallel Plane Boundary
For a thin circular disk of radius a approaching a parallel 
boundary which is a distance h from the near side of the disk, 
theoretical expressions for the drag are available for the two 
extreme cases o = h/a >> 1 and °<< 1 . These expressions are 
given by Eqs.(1.23) and (1.24), respectively. Dr. Jeffrey Trahan of 
Centenary College has made drag measurements on disks for values of 0 
ranging over more than three orders of magnitude (0,0023 < o < 8.4). 
He has found that Eq.(l,23) is valid for o> 3 and that Eq.(l,24) 
is valid for o< 0.032. For the intermediate range 0.032 < o < 3, 
his data show that there is a smooth transition between Eq.(1.23) and 
Eq.(1.24).
I have assisted in the analysis of Dr. Trahan's data, and in 
particular I have sought a mathematical expression that would 
represent the experimental results in the intermediate range of o .
I first attempted a power series representation of the form
1 2  3
F/(16p Ua) = 1+ c a + c^" + C ^ G~ + ......  . (3.6)
with the coefficients c , c ,  c ,  ... determined by matching
1 b  w
with the experimental results at particular values of a • Then I 
recognized that Eq.(1.23) dictates the values of both c^ and c^ ,
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[I-O/tto )+0(cj“3)]*’ = 1+0/" ) o- +(3/" ) a” +0(o~ ) , (3.7)
and that Eq(1.24) requires that c^=3 "/32 . Therefore, if the drag 
can be represented by a series like Eq.(3.6) that reduces to 
Eqs.(1.23) and (1.24) at extremes of o, then the series must be the 
finite series
F/(16nUa) = l+(3/ir )o-1+(3/tt )2cT^ - (3 tt/32)2 o" 3 . (3.9)
Equation (3.8) is compared with the data for Trahan*s disk #4 in 
Fig.19 , where U/Uto is equal to (16 W a ) / F  . One can see from the 
figure the manner in which Eq.(3.8) approaches Eq(1.23) at large 
values of o and Eq,(1.24) at small values of o , and the good 
agreement between Eq.(3.8) and the experimental results in the 
intermediate region. Although Fig.19 shows the results for only one 
of Trahan's disks, there is equally good agreement with the data for 
his other disks. Trahan's data, including the dimensions and mass of 
each of his four brass disks, are presented in Appendix IV. More 
details of the experiment are given in Ref. 33.
2. An Attempt At Correlating The Disk Results of Jeff Ui
Since Eq.(3.3) was able to correlate the results for cylinders up 
to a point, I decided to see if a similar correlation would apply in 
the case of disks. I had available to me the results of Jeff Ui. It
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seems that the correlation works but with a different slope 1,5 and a 
more negative intercept -0.8. I have to admit that it is strange 
that a result which is derived on the basis of an infinitely long 
cylinder does work for thin disks, but it does give a good 
correlation
(F/Fth)-1 = 1.5 (b-a)a^/L - 0.80 . (3.9)
A plot of Ui^s disk results is shown in Fig.20} the data are given in 
Appendix III.
IV. SUMMARY AND DISCUSSION OF THE RESULTS
This chapter consists of three parts: (A) a Bummary of our primary 
and secondary results, (B) a discussion of (1) the form of the end 
correction stated in Eq.(3.3) and (2) the negative values of y shown 
in Fig.13, and (C) suggestions for future work.
A. SUMMARY OF THE RESULTS
1. Primary Results
Our primary results are stated in Eqs.(3.3) and (3,8). Equation 
(3.3) is an end effect correction to the theoretical Eq.(1.33) for 
the drag on a solid cylinder falling coaxially through a cylindrical 
tube. The mathematical form of Eq.(3.3) arose from our examination 
of the numerical results of Chen and Swift for end effects in the 
case of a narrow annular gap between the moving cylinder and the 
fixed tube. We have shown by our own experiment and by our analysis 
of the results of Park and Irvine that Eq.(3.3) applies also to 
intermediate and wide gaps but is subject to the constraints stated 
in Eqs(3.3a), (3.3b), and (3.3c). Further discussion of Eq.(3.3) is 
given in section(B) of this chapter.
Equation (3.8) is an expression for the drag on a thin disk moving
83
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broadside toward an infinite plane wall that is parallel to the plane 
of the disk. This equation is in good agreement with the 
experimental results of Trahan and includes two well established 
theoretical results for the extreme cases in which the separation 
between the disk and the plane is either very large or very small 
compared to the disk radius.
2. Secondary Results
Our secondary results include (a) observation of the drag on a 
cylinder falling coaxially through a tube that has an open bottom 
(i.e., the fluid empties into a large container), (b) observation of 
the effects of tilting the (closed bottom) tube in the intermediate 
gap case, and (c) correlation of the disk drag results of Ui. The 
open bottom results are shown in Fig.18. The most interesting of 
these results is the following: when the top of the tube is above the 
free surface of the liquid, then after the cylinder is released, the 
liquid level within the tube will fall until a pressure difference is 
established that leads to a constant cylinder velocity, and this 
observed velocity corresponds to a drag that agrees with Eq.(1.32), 
for which the volume rate of flow Q in the annular gap is zero.
Our observation of the effects of tilting the tube in the 
intermediate gap case confirms the results of Irving in the narrow 
gap case: there are stringent requirements on the verticality of the 
tube for the falling cylinder viscometer, and when the cylinder is 
slightly off center, its velocity is larger than when it is centered.
85
The success of our correlation of Ui*s disk data with a function 
similar to Eq.(3.3), as shown in Fig.20, is unexpected and 
unexplained. In particular, the condition (b-a)< 0.75L is not met 
by the disks, since the thickness L of the disks is small. Perhaps a 
more general condition such as (b-a) < 0.75(L+a) is necessary to 
include the disk.
B. DISCUSSION OF SELECTED RESULTS
1. The Form of Eq.(3.3)
A simple model leads to the inverse dependence on length L 
expressed in Eq.(3.3). Suppose that the (dimensional) drag consists 
of three parts: that due to the viscous stress on the cylinder sides, 
that due to the dynamic pressure difference acting on the two flat 
ends of the cylinder, and that due to the consequences of non-axial 
flow near the ends of the cylinder. The first two parts are 
proportional to L as shown by Eqs.(1.29) and (1.31), but the third 
part should be independent of L. Therefore, when the total drag is 
made dimensionless by dividing by 2npUL, the dimensionless third part 
becomes inversely proportional to L. Another way of putting it: the 
observation that the (dimensionless) end correction factor expressed 
in Eq.(3.3) is inversely proportional to L confirms the idea that the 
dimensional end correction factor is independent of L.
The dependence on b-a and on a cannot be explained so simply, but 
a qualitative argument can show that these dependences are
SAME GAP WIDTH 
(b-a)
FIGURE 21
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reasonable. Consider the three cases Illustrated In Fig.21 and look 
at the radial displacement of streamlines that are originally near 
the axis of the tube. Clearly, case (c) has the largest streamline 
displacement and therefore the largest end effect and case (b) has 
the smallest. All three cases have cylinders of the same length 
while cases (a) and Cb) have the same gap width (b-a) but different t  
(=a/b), and cases (a) and (c) have the same a but different gap
width. Therefore, one would expect the end effect to increase with
increasing gap width and with increasing a , which is consistent with 
Eq(3.3).
Finally, consider the implication of the negative y intercept of 
Eq.(3.3). Write the equation in dimensional form:
DRAG = 27ruUFth[0.983L + l.GTCb-a)^ 1 . (4.1)
Even when the second term is negligible, the end effect has an 
influence on the drag, and that influence is equivalent to an 
"effective length" of 0.983L.
2. The Negative Experimental Values of y in Fig.13
Most undesirable Influences that one can think of, such as
friction between the walls and the guiding pins, or the effect of the 
top and bottom surfaces of the tube, lead to increases in the drag.
In Fig.13 there are four points (3 of ours and 1 of Ui*s) that lie 
significantly below (2.6% to 4.6%) the values predicted by Eq.(3.3),
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i.e., the drag for these points is lower than expected. We have 
suggested that eccentric positioning of the cylinder may be the 
cause. We have seen in chapter 3 that eccentric positioning can lead 
to higher velocity (and therefore lower drag). The theoretical 
results of Irving indicate that a horizontal shift of 14% to 18% of 
the gap width could account for the 2,6% to 4.6% decreases in the 
drag. The actual horizontal displacements for our three cylinders 
would amount to 0.030 cm, 0.025 cm, and 0.012 cm (but 0.15 cm for 
Ui's large gap result). Such small displacements are not 
unreasonable. However, one of our points (the one for which a 0.012 
cm displacement was needed) was for a cylinder with guiding fins; the 
fins would allow a maximum radial displacement of only 0.005 cm, so 
eccentricity must be ruled out for that cylinder. Therefore, 
eccentric positioning is not an entirely satisfactory explanation for
the four negative points in Fig.13.
28Irving and Barlow state that in their narrow gap viscometer,
the measured drag for their solid cylinder was 11% below the value
predicted by Eq.(1.33). A radial displacement of only 0.003 cm would
account for that difference. However, their cylinder was short (1.00
cm) and had one hemispherical end: it is not clear what length was
37used in calculating the drag. Bungay and Brenner have shown that 
for a sphere falling in a closely fitting cylindrical tube, a 
slightly eccentric position can be favorable. All things considered, 
we feel that it is premature to rule out the possibility of eccentric 
positioning in the narrow gap falling cylinder viscometer.
89
C. SUGGESTIONS FOR FUTURE WORK
Our observations of the motion of a cylinder in a tube with open
ends (particularly when both ends are immersed) indicates that such
motion is considerably more stable than when the tube is closed.
This stability could be exploited in the design of a high pressure
viscometer. Moreover, one of the problems in measuring the viscosity
of liquids at high pressure is that the viscosity becomes so large
that the time for the falling body to move a measurable distance
25becomes unreasonably long (Chan and Jackson give an example of 7
days to move 1 mm). Fig.18 shows that for a =0.85 the drag on a
cylinder in a completely immersed open tube is almost two orders of
magnitude less than in a closed tube. Therefore, the open tube
geometry would considerably reduce the fall times.
In both the narrow gap and the wide gap geometries, several
investigators have used cylinders with one or both ends in the shape
of a hemisphere. It would be useful to calculate the effects of a
38
hemispherical end. Recently, Ozkaya and coworkers have studied 
the motion of red blood cells in small capillaries and have developed 
mathematical techniques for extending lubrication theory to deal with 
rounded ends. Red blood cells are driven by an external pressure 
gradient rather than by gravity, but it should be possible to adapt 
Ozkaya's techniques to the falling cylinder problem.
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APPENDIX I
MY RESULTS 
V
FOR THE CLOSED BOTTOM CASE EXCLUDING THOSE LISTED IN TABLI
a CYLINDER
fe
a CYLINDER
fe
0.915 LI 4569.92 0.411 FI 5.7273
0.866 VI 1036.70 0.383 11 4.8995
0.856 V2 1010.62 0.375 G2 4.7737
0.852 UI 727.126 0.375 G4 4.4470
0.831 SI 483.538 0.307 D7 2.9217
0.742 HI 114.615 0.291 B1 2.4941
0.737 SI 112.2287 0.224 Cl 1.7702
0.730 R1 103.705 0.182 B1 1.4297
0.730 R2 99.461 0.182 B2 1.3533
0.678 SI 57.864 0.180 A8 1.3657
0.620 HI 30.471 0.160 A7 1.1485
0,615 F4 29.097 0.136 A6 0.9535
0.598 G1 24.977 0.113 A5 0.8607
0.598 G3 23.637 0.100 A7 0.7922
0.598 G4 23.637 0.0900 A4 0.7020
0.573 El 20.271 0.0855 A6 0.7032
0.531 R1 13.390 0.0707 A5 0.5110
0.510 Ml 12.445 0.0691 A3 0.6004
0.510 M2 12.341 0.0564 A4 0.5522
0.510 M3 12,091 0.0464 A2 0.4929
0.470 K1 8.9078 0.0433 A3 0.4850
0.470 11 8.7273 0.0359 A1 0.4257
0.433 K1 6.8409 0.0291 A2 0.4062
0.416 11 6.0917 0.0225 A1 0.3747
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APPENDIX II
JEFF UI'S
CYLINDER
16A
17A
18A
19B
21D
CYLINDER RESULTS FOR X < 0.1
y X CYLINDER y X
0.106 0.051 21C 0.146 0.0957
0.0671 0.0396 0.0873 0.0680
0.0433 0.0325
■0.0172 0.0158 21B 0.130 0.0806
• 0.0817 0.0564
0.117 0.0528
0.0755 0.0417 21A 0. 1 2 0 0.0747
0.0569 0.0341 0.0762 0.0521
0.00035 0.0165
2 2 k 0.128 0.0785
0.162 0.0743 0.0840 0.0547
0.118 0.0587
0.0881 0.0480 22C 0.125 0.0758
0.0449 0.0331 0.0799 0.0526
0.0145 0.0232
22B 0.160 0.0958
0.175 0.0859 0.105 0.0671
0.130 0.0702
0.0764 0.0483 23A 0.126 0.0781
0.0323 0.0337
24B 0.0916 0.0793
0.152 0.0903
0.0972 0.0636 24A 0.116 0.0855
25A 0.140 0.0899
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APPENDIX III
JEFF UI'S DISK RESULTS MADE DIMENSIONLESS BY DIVIDING THE DRAG BY THE 
FACTOR 2 ny UL
DISK F (F/F )-l 
th
(b-a ) a il
A 6.2226 12.3607 9.1952
6.3217 11.9158 8.6829
6.7085 9.6198 6.6685
7.3394 7.8063 5.2472
B 8.0908 16.3719 12.3423
8.2367 15.8284 11.6533
8.7156 12.7972 8.9498
9.4654 10.3574 7.0423
C 11.8127 24.3288 18.3739
11.9805 23.4424 17.3479
12.6580 19.0017 13.3220
13.7749 15.4899 10.4812
G 10.2998 14.7557 10.1949
10.5165 14.0157 9.5801
11.9423 10.7616 7.1401
14.1383 7.9682 5.3782
H 20.3690 30.2109 21.0862
20.8346 28.8011 19.8151
23.2570 21.9515 14.7709
27.7026 16.6331 11.1291
I 83.7885 99.2656 67.5091
85.7415 93.1152 63.1477
102.7941 68.6396 45.6778
131.1517 47.2226 32.8288
J 67.0516 79.2847 51.3045
68.5152 74.2543 47.9906
77.3516 51.4520 34.7167
107.7137 38.6605 24.9543
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APPENDIX IV
DATA OF JEFFREY TRAHAN
The following data are included by kind permission of Dr. 
Jeffrey Trahan, Department of Physics, Centenary College of 
Louisiana, Shreveport, LA 71134. Although the results 
calculated from these data have been published (Ref. 33). the 
collection of data is not available elsewhere.
The numbers given below are measured values of the time T 
and the distance H from the bottom of a circular disk of 
radius R and thickness L to the bottom of the tank.
Calculated from these values are the instantaneous disk 
velocity U, the ratio of U to the terminal velocity UT 
(i.e., the velocity when the disk is far away from the 
bottom), and the ratio of H to R. In the terminology of this 
dissertation (see Fig.2), H corresponds to h, R corresponds 
to a, and H/R corresponds to a . Data is given for four 
disks; the dimensions and the mass of each disk are given in 
the following table:
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Disk R(cm) L (cm) Mass(grams)
#1 1.269 0.0127 0.5401
#2 1.270 0.0254 1.070
#3 1.269 0.0406 1.746
#4 0.633 0.0254 0.2630
All calculations are corrected to a kinematic viscosity of
42.07 cm /sec. The drag and terminal velocity in an infinite 
fluid were also calculated at this viscosity.
The data for 10 experimental runs are presented below.
For each run, the dimensions of the outer boundary and the 
method of position measurement are given. Two methods of 
position measurements were used: stroboscopic photography and 
direct observation through a microscope. Descriptions of 
these measurements are given in Refs. 32 and 33 .
I
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RUN NUMBER 1
Disk II 1, square boundary 31.1 X 31.1 cm, photographic method.
number of measured data points -■ 35
measured time interval = .86231 sec
terminal vel in infinite fluid = .5653 cm/sec
measured viscosity = 42. 15 cm*cm/sec
viscosity at which calc are done 42.07 cm*cin/sec
calculated drag in infinite fluid = 468 dynes
mass of disk = .5401 g
diameter of disk = 2.5382 cm
thickness of disk 53 .0127 cm
disk density S3 8.495 g/cm/cm/cm
measured f1ui d densi ty =: .9692 g / c in / c m / c m
fluid density for calculations - .96913 ,g/cm/cm/cm
fluid temperature = 22. 5 C
T(sec) H (cm) U(cm/sec) U/UT (H/R)
1.2935 4.797E+00 4.232E-01 0.7486E+00 3.7B0E+00
1.7246 4.615E+00 4.1B2E-01 0.7398E+00 3.636E+00
2.155B 4.437E+00 4.133E-01 0.7311E+00 3.496E+00
2.5B69 4.259E+00 4.073E-01 0.7205E+00 3.356E+00
3.0181 4.0B6E+00 4.014E-01 0.7100E+00 3.220E+00
3.4492 3.914E+00 3.943E-01 0.6975E+00 3.084E+00
3.8804 3.747E+00 3.S72E-01 0.6850E+00 2.953E+00
4.3116 3.580E+00 3.821E-01 0.6760E+00 2.B21E+00
4.7427 3.418E+00 3.771E-01 0.6670E+00 2.693E+00
5.1739 3.256E+00 3-666E—01 0.6485E+00 2.566E+00
5.6050 3.103E+00 3.562E-01 0.6301E+00 2.445E+00
6.0362 2.949E+00 3.405E-O1 0.6166E+00 2.324E+00
6.4673 2.B03E+00 3.409E-01 0.6031E+00 2.208E+00
6.8985 2.656E+00 3.306E—01 0.5B47E+00 2.093E+00
7.3296 2.518E+00 3.202E-01 0.5664E+00 1.984E+00
7.7608 2.3B0E+00 3.090E-01 0.5466E+00 1.876E+00
B.1919 2.252E+00 2.978E-01 0.5269E+00 1.775E+00
8.6231 2.124E+00 2.858E-01 0.5055E+00 1.674E+00
9.0543 2.006E+00 2.737E-01 0.4B42E+00 1.581E+00
9.4854 1.8B9E+00 2.617E-01 0.4630E+00 1.488E+00
9.9166 1.781E+00 2.498E-01 0.4418E+00 1.403E+00
10.3477 1.674E+00 2.373E-01 0.4197E+00 1.319E+00
10.7789 1.S77E+00 2.247E-01 0.3975E+00 1.243E+00
11.2100 1.480E+00 2.112E-01 0.3736E+00 1.166E+00
11.6412 1.395E+00 1.977E—01 0.3497E+00 1.099E+00
12.0723 1.31OE+OO 1.847E-01 0.3267E+00 1 ■ 032E~i'00
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RUN NUMBER 1 (continued)
T(sec) H (cm) U(cm/sec) U/UT (H/R)
12.5035 1.236E+00 1.718E-01 0.3038E+00 9.741E-01
12.9347 1.162E+00 1.615E-01 0.2B57E+00 9.159E-01
13.3658 1.097E+00 1.512E-01 0.2675E+00 B.646E-01
13.7970 1.032E+00 1.401E-01 0.247BE+00 8.133E-01
14.2281 9.767E-01 1.289E-01 0.22B0E+00 7.696E-01
14.6593 9.212E-01 1.194E-01 0.2112E+00 7.259E-01
15.0904 8.739E-01 1.099E-01 0.1944E+00 6.886E-01
15.5216 8.267E-01 1.017E-01 0.1799E+00 6.514E-01
15.9527 7.S64E-01 9.349E—02 0- 1654E+00 6.197E-01
16.3839 7.462E-01 8.606E—02 0.1522E+00 5.880E-01
16.8150 7.124E-01 7.863E-02 0.1391E+00 5.613E-01
17.2462 6. 7S5E- 01 7.342E-02 0.1299E+00 5.346E-01
17.6774 6.492E-01 6.820E-02 0.1206E+00 5.115E-01
18.1085 6.19BE-01 6.259E-02 0.1107E+00 4.884E-01
18.5397 5.953E-01 5.698E-02 0.1008E+00 4.69IE—01
18.9708 5.708E-01 5.369E-02 0.9498E-01 4.498E-01
19.4020 5.491E-01 5.040E-02 0.B915E-01 4.327E-01
19.8331 5.274E-01 4.653E-02 0.8231E-01 4.156E-01
20.2643 5.09IE—01 4.266E-02 0.7547E—01 4.01IE-01
20.6954 4.907E-01 4.033E-Q2 0.7135E-01 3.B67E-01
21.1266 4.743E-01 3.801E-02 0.6723E-01 3.738E-01
21.5578 4.5B0E-01 3.523E-02 0.6232E-01 3.609E-01
21.9889 4.440E-01 3.246E-02 0.5742E-01 3.499E—01
22.4201 4.301E—01 3.046E-02 0.5388E-01 3.389E-01
22.8512 4.17BE-01 2.846E-02 0.5034E-01 3.292E-01
23.2824 4.056E-01 2.646E-02 0.4681E-01 3.196E-01
23.7135 3.950E-01 2.446E-02 0.4327E-01 3.113E-01
24.1447 3.845E-01 2.274E-02 0.4023E—01 3.030E-01
24.5758 3.755E-01 2.103E-02 0.3720E-01 2.959E-01
25.0070 3.664E-01 2.070E-02 0.3662E-01 2.887E-01
25.43B1 3.577E-01 2.037E-02 0.3603E—01 2.81BE-01
25.8693 3.489E-01 1.94BE-02 0.3445E-01 2.749E-01
26.3005 3.409E—01 1.85BE-02 0.32B7E-01 2.6B6E-01
26.7316 3.329E-01 1.749E-02 0.3094E-01 2.623E-01
27.1628 3.258E-01 1.639E-02 0.2900E-01 2.567E-01
27.5939 3.18BE-01 1.549E-02 0.2740E—01 2.512E-01
28.0251 3.125E-01 1.458E-02 0.2580E—01 2.462E-01
28.4562 3.062E-01 1.364E-02 0.2413E-01 2.413E-01
2B.8B74 3.OOBE-O1 1.270E-02 0.2247E—01 2.370E-01
29.3185 2.953E-01 1.317E-02 0.2330E-01 2.327E-01
29.7497 2.B94E-01 1.364E-02 0.2413E-01 2.2B1E-01
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RUN NUMBER 2
Disk it 1, square boundary 31.1 X 31.1 cm, photographic method.
vi scosity 
calculated
number o-f measured data points 
measured time interval 
t e rniin a I v e 1 in i n f i n i t e 1:1. u j. < I 
measured viscosity' 
at which calc are done 
drag in infinite fluid 
mass o-f disk 
diameter of disk 
thickness of disk 
disk density 
measured fluid density 
fluid density for calculations 
fluid temperature
9
6.89B5 sec 
.5653 cm/sec 
42.15 cm*cm/sec
42.07 cm-Kcm/sec 
468 dynes 
9
cm 
cm
g/cm/cm/cm 
g/cm/cm/cm 
g/cm/cm/cm
C
.5401
2.53B:
.0127
B. 495
.9692
.9691s
22.51
T(sec) H (cm) U(cm/sec) U/UT (H/R)
31.0433 7.708E-02 3.613E—04 0.6391E-03 6.074E-02
55.1880 6.B38E-02 2.7BBE-04 0.4932E-03 5.3BBE-02
B2.7B20 6.269E-02 2.066E-04 0.3654E-03 4.939E-02
110.3760 5.700E-02 1.689E-04 0.298BE-03 4.491E-02
137.9700 5.33BE-02 1.312E-04 0.2321E-03 4.206E-02
165.5640 4.977E-02 1.040E-04 0.1B40E-03 3.922E-02
203.5057 4.65BE-02 B.42IE-05 0.1490E-03 3.670E-02
241.4475 4.339E-02 7.646E—05 0.1353E-03 3.419E-02
272.490S 4.13IE-02 6.69BE-05 0.1185E—03 3.255E-02
5'**40 3.924E-02 5.321E-05 0.9414E-04 3.092E-02
344.9250 3.747E-02 4.2S9E-05 0.75B7E-04 2.952E-02
386.3160 3.570E-02 3.970E-05 0.7023E—04 2.B13E-02
448.4025 3.337E-02 3.75BE-05 0.6647E-04 2.629E-02
510.4890 3.104E-02 2.761E-05 0.4B84E-04 2.446E-02
572.5755 2.995E-02 1. 764E--05 0.3121E—04 2.360E-02
RUN NUMBER 3
Disk t 2, square boundary 31.1 X 31.1 cm, microscopic method.
number of measured data paints 
measured time interval 
terminal vel in infinite fluid 
measured viscosity 
viscosity at Mhich calc are done 
calculated drag in infinite fluid
mass of disk 
diameter of disk 
thickness of disk 
disk density 
measured fluid density 
fluid density for calculations 
fluid temperature
21
1 sec 
1.117 
42.23
42.07
925.7
1.0690 
2.54
cm/sec
cm*cm/sec
cm#cm/sec
dynes
Q
cm
.0254 cm 
0.495 g/cm/cm/cm 
.9693 g/cm/cm/cm 
.96913 g/cm/cm/cm 
22.4 C
T(sec) H (cm) U(cm/sec) U/UT (H/R)
30. 1000 6.970E-02 5.356E-04 0.4795E—03 5.4B8E-02
60.3600 5.360E-02 2.559E-04 0.2291E-03 4.220E-02
109.0450 4.960E-02 0.249E-05 0.73B5E-04 3.906E-02
157.7300 4.560E-02 1.042E-04 0.9332E-04 3.591E-02
205.3650 3.960E-02 1.265E-04 0.1132E-03 3.11BE—02
253.0000 3.360E-02 7.B92E-05 0.7065E-04 2.646E-02
313.5000 3.110E-02 4.149E-05 0.3714E-04 2.449E-02
374.0000 2.860E-02 3.9B4E-05 0.3567E-04 2.252E-02
439.5000 2.610E-02 3.032E-O5 0.3431E-04 2.055E-02
505.0000 2.360E-02 2.622E-05 0.2347E-04 1.S5BE-02
585.0000 2.230E-02 1.63IE—05 0.146IE—04 1.756E-02
665.0000 2.100E-02 1.427E-05 0.1277E-04 1.654E-02
77B.5000 1.955E-02 1.2B3E-05 0.1148E-04 1.539E-02
092.0000 1.810E-02 1.51 IE-05 0.1353E-04 1.425E-02
964.5000 1.675E-02 1.B69E-05 0.1674E-04 1.319E-02
1037.0000 1.540E-02 1.094E-05 0.9792E-05 1■213E-02
1143.5000 1.480E-02 5.656E—06 0.5064E—05 1.165E-02
1250.0000 1.420E-02 7.937E-06 0.7106E-05 1.11BE-02
1377.5000 1.295E-02 9.B43E-06 O.8012E-O5 1.020E-02
1505.0000 1.170E-02 6.635E-06 0.5940E-05 9.213E-03
1665.0000 1.105E-02 4.079E-06 0.3651E—05 8.701E-03
1825.0000 1.040E-02 3.372E-06 0.3019E-05 8.1B9E-03
1992.5000 9.950E-03 2.697E-06 0.2415E-05 7.835E-03
2160.0000 9.500E-03 2.571E-06 0.230IE—05 7.480E-03
2344.0000 9. OSOE-Oc- 2.455E-06 0.2198E-05 7.126E-03
2520.0000 8.600E-03 1.935E-06 0.1733E-05 6.772E-03
2759.0000 B.250E-03 1.521E-06 0.1362E-05 6.496E-03
2990.0000 7.900E-03 1.53IE—06 0.1370E-05 6.220E-03
3316.5000 7.400E-03 1.537E-06 0.1376E-05 5.B27E-03
3643.0000 6.900E-03 1.434E-06 0.12B4E-05 5.433E-03
4121.5000 6.250E-03 1.364E-06 0.1221E-05 4.921E-03
4600.0000 5.600E-03 B.33BE-07 0.7465E-06 4.409E-03
5145.0000 5.400E-03 3.684E-07 0.329SE—06 4.252E-03
5690.0000 5.200E-03 3.861E-07 0.3457E—06 4.094E-03
6445.0000 4.900E-03 3.989E-07 0.3571E-06 3.858E-03
7200.0000 4.600E-03 1.303E-O7 0.1238E-06 3.622E-03
10000.0000 4.300E-03 8.367E-08 0.7490E—07 3.386E-03
14400.0000 4.000E-03 5.665E-0D 0.5072E-07 3. 150E-03
35610.0000 2.900E-03 5.207E-08 0.466IE—07 2.2B3E-03
RUN NUMBER 4
Disk t 2, square boundary 31.1 X 31.1 cm, microscopic method.
number o-f measured data points = 21
measured time interval"*= 1 sec
terminal vel in infinite fluid = 1.117 cm/sec
measured viscosity = 42.09 cm*-cm/sec
viscosity at which calc are done = 42.07 cm*cm/sec
calculated drag in infinite fluid = 925.7 dynes
mass of disk = 1.0698 g
diameter of disk = 2.54 cm
thickness of disk = .0254 cm
disk density = 8.495 g/cm/cm/cm
measured fluid density = .9692 g/cm/cm/cm
fluid density for calculations = .96913 g/cm/cm/cm
fluid temperature = 22.57 C
T(sec > H (cm) U(cm/sec > U/UT (H/R)
10.0850 1.561E-01 4.375E-03 0.3917E-02 1.229E-01
20.1700 1.120E-01 2.4I6E-03 0.2163E-02 B.B19E-02
35.B700 9.3B5E-02 1.157E-03 0.1036E-02 7.390E-02
51.5700 7.570E-02 7.287E-04 0.6523E-03 5.96IE-02
74.1600 6.595E-02 4.315E-04 0.3B63E-03 5.193E-02
96.7900 5.620E-02 3.152E-04 0.2822E-03 4.425E-02
122.5850 5.070E-02 2.133E-04 0.1910E-03 3.992E-02
14B.3B00 4.520E-02 1.659E-04 0.14B5E-03 3.559E-02
173.8550 4.220E-02 1.178E-04 0.1055E-03 3.323E-02
199.3300 3.920E-02 9.630E-05 0.B621E-04 3.OB7E-02
229.9600 3.6B0E-02 7.840E-05 0.7019E-04 2.B9BE-02
260.5900 3.440E-02 6.467E-05 0.5790E-04 2.709E-02
296.4B50 3.250E-02 5.296E-05 0.4741E-04 2.559E-02
332.3B00 3.060E-02 5.030E-05 0.4503E-04 2.409E-02
366.1050 2.900E-02 4.747E-05 0.4250E—04 2.2B3E-02
399.B300 2.740E-02 3.78BE-05 0.3391E-04 2.157E-02
433.4600 2.645E-02 2.B26E-05 0.2530E-04 2,0B3E-02
467.0900 2.550E-02 2.639E-05 0.2363E—04 2.00BE-02
509.2750 2.445E-02 2.490E-05 0.2230E—04 1.925E-02
551.4600 2.340E-02 2.016E-05 0.1B05E-04 1.B43E-02
596.1200 2.270E-02 1.56BE-05 0.1404E—04 1.7B7E-02
640.7B00 2.200E-02 1.527E-05 0.1367E-04 1.732E-02
691.1400 2.125E-02 1.490E-05 0.1334E-04 1.673E-02
741.5000 2.050E-02 1.24BE-05 0. U17E-04 1.614E-02
B03.4201 1.9B5E-02 1.050E-05 0.9403E-05 1.563E-02
B65.3400 1.920E-02 1.034E-05 0.925BE-05 1.512E-02
977.5751 1.B05E-02 1.025E-Q5 0.917BE—05 1.421E-02
1089.B100 1.690E-02 8.306E-06 0.7436E-05 1.331E-02
1194.4050 1.625E-02 6.21BE-06 0.5567E-05 1.2B0E-02
1299.0000 1.560E-02 5.954E-06 0.5330E—05 1.228E-02
1488.5000 1.450E-02 5.80BE-06 0.5200E-05 1.142E-02
167B.0000 1.340E-02 3.604E-06 0.3226E-05 1.055E-02
1960.5000 1.2B0E-02 2.125E-06 0.1902E-05 1.00BE-02
2243.0000 1.220E-02 2.342E-06 0.2097E-05 9.606E-03
2580.0000 1.135E-02 2.524E-06 0.2259E—05 8.937E-03
2917.0000 1.050E-02 1.31BE-06 0.11B0E-05 8.26BE-03
3870.5000 9.650E-03 8.919E-07 0.79B5E-06 7.59BE-03
4B24.0000 B.B00E-03 6.B17E-07 0.6103E-06 6.929E-03
5485.0000 B.550E-03 3.7B4E-07 0.33BBE-06 6.732E—03
103
RUN NUMBER 5
Disk 11.1, square boundary 31.1 X 31.1 cm » microscopic method.
number of measured data points = 15
measured time interval = 1 sec
terminal vel in infinite fluid = r .5653 cm/sec
measured viscosity = 41.67 cm*cm/sec
viscosity at which calc are done = 42.07 cm*cm/sec
calculated drag in infinite fluid = 46B dynes
mass of disk = .5401 grams
diameter of disk = 2.53B2 cm
thickness of disk .0127 cm
measured fluid density = .96S7 gm/cm/cm/cm
fluid density for calculations = = .96913 gm/cm/cm/o
disk density — 8.495 gm/cm/cm/cm
fluid temperature = 23.1 C
T
116., 3450
145. 2300
167. 6B50
190. 1400
204. 5050
218. B700
241. 0550
263., 2400
296., 9950
330., 7500
377., 6500
424., 5500
471., 2450
517., 9400
502.. 4250
646..9100
732.. 7BOO
BIB.. 6500
974.. 1700
1 129. 6900
1317.. 3650
1505,. 0400
1700.. 8750
1B96..7100
2156,. 3550
2416,. 0000
2903,. 0000
H
6.970E-02 
6.120E-02 
5.720E-02 
5.320E-C2 
5.120E-02 
4.920E-G2 
4.720E-02 
4.520E-02 
4.260E-02 
4.000E-02 
3.745E-02 
3.490E-02 
3.325E-02 
3.160E-02 
3.020E-02 
2.880E-02 
2.695E-02 
2.510E-02 
2.305E-02 
2.100E-02 
1.9B5E-02 
1 -B70E-02 
1.775E-02 
1.680E-02 
1.600E-02 
1.520E-02 
1.445E-02
U
2.913E-04 
2.411E-04 
1.764E-04 
1.613E-04 
1.37BE—04 
1.0B4E-04 
B.925E-05 
8.14 IE—05 
7.626E-05 
6.322E-05 
5.3B3E-05 
4.443E-05 
3.49BE-05 
2.716E-05 
2.149E-05 
2.140E-05 
2.133E-05 
1.600E-05 
1.305E-05 
9.23IE—06 
6.067E—06 
5.42IE-06 
4.803E—06 
3.804E-06 
3.050E-06 
2.055E-06 
1.525E-06
U/UT
0.5154E-03 
0.4264E-03 
0.3120E-03 
0.2854E-03 
0.243BE—03 
0.1917E-03 
0.1579E-03 
0.1440E-03 
0.1349E—03 
0.111BE-03 
0.9522E-04 
0.7859E-04 
0.61B9E—04 
0.4B05E—04 
0.3B02E—04 
0.3786E-04 
0.3773E-04 
0.2830E-04 
0.2309E-04 
O.1633E-04 
0.1073E-04 
0.9590E-05 
0.8496E-05 
0.6729E-05 
0.5396E-05 
0. 3636E--05
0.2697E-05
<H/R)
5.492E-02 
4.822E-02 
4.507E-02 
4.192E-02 
4.034E-02
3.B77E-02 
3.719E-02 
3.562E-02 
3.357E-02 
3.152E-02 
2.95IE—02 
2.750E-02 
2.620E-02 
2.490E-02 
2.3B0E-02 
2.269E-02 
2.124E-02 
1.97BE-02 
1.816E-02 
1.6S5E-02 
1.564E-02 
1.473E-02 
1.399E-02 
1.324E-02 
■1.261E-02 
1.19BE-02 
1.139E-02
104
RUN NUMBER 6
Disk 0 1, square boundary 31.1 X 31.1 cm
number of measured data points 
measured time interval 
terminal vel in infinite fluid 
measured viscosity 
viscosity at which calc are done 
calculated drag in infinite fluid
mass of disk 
diameter of disk 
thickness of disk 
disk density 
measured fluid density 
fluid density for calculations 
fluid temperature
photographic method.
46
.86231 sec 
.5653 cm/sec 
41.89 cm*cm/sec 
42.07 cm*cm/sec 
468 dynes 
.5401 g 
2.5382 cm 
.0127 cm 
8.495 g/cm/cm/cm 
.96B9 g/cm/cm/cm 
.96913 g/cm/cm/cm 
22.83 C
T <sec) H (cm) U(cm/sec) U/UT (H/R)
0.4312 5.621E+00 4.426E-01 0.7B29E+00 4.429E+00
0.8623 5.430E+00 4.387E-01 0.7761E+00 4.27BE+00
1.2935 5.241E+00 4.349E-01 0.7693E+00 4.130E+00
1.7246 5.053E+00 4.300E-01 0.7606E+00 3.982E+00
2.1558 4.869E+00 4.251E-01 0.7519E+00 3.836E+0U
2.5869 4.685E+00 4.209E-01 0.7446E+00 3.691E+00
3.0181 4.504E+00 4. •16BE—01 0.7373E+00 3.549E+00
3.4492 4.324E+00 4.115E-01 0.7279E+00 3.407E+00
3.8B04 4.14BE+00 4.061E-01 0.71B4E+00 3.26BE+00
4.3116 3.972E+00 3.9B6E-01 0.7051E+00 3.130E+00
4.7427 3.803E+00 3.910E-01 0.6917E+00 2.996E+0Q
5.1739 3.633E+00 3.842E-01 0.6797E+00 2.B63E+00
5.6050 3.470E+00 3.774E-01 0.6676E+00 2.734E+00
6.0362 3.306E+00 3.69IE—01 0.6529E+00 2.605E+00
6.4673 3.150E+00 3.60BE-01 0.63B2E+00 2.482E+00
6.B985 2.994E+00 3.522E—01 0.6230E+00 2.359E+00
7.3296 2.845E+00 3.436E-01 0.6077E+00 2.242E+00
7.7608 2.696E+00 3.335E-01 0.5B99E+00 2.124E+00
8.1919 2.556E+00 3.234E-01 0.5721E+00 2.014E+00
8.6231 2.416E+00 3.124E-01 0.5526E+00 1.904E+00
9.0543 2.286E+00 3.013E-01 0.5330E+00 1.801E+00
9.4854 2.155E+00 2.B95E-01 0.5121E+00 1.69BE+00
9.9166 2.035E+00 2.777E-01 0.4913E+00 1.603E+00
10.3477 1.914E+00 2.651E-01 0.4690E+00 1.509E+00
10.7789 1.B05E+00 2.-525E-01 0.4467E+00 1.422E+00
11.2100 1.696E+00 2.399E-01 0.4244E+00 1.336E+00
11.6412 1.597E+00 2.274E-01 0.4022E+00 1.259E+00
12.0723 1.499E+00 2.146E-01 0.3797E+00 1.181E+00
12.5035 1.411E+00 2.019E-01 0.3572E+00 1.112E+00
12.9347 1.324E+00 1.BB6E-01 0.3337E+00 1.043E+00
13.3658 1.248E+00 1.753E-01 0.3101E+00 9.B34E-01
13.7970 1.172E+00 1.646E-01 0.2911E+00 9.235E-01
14.2281 1.105E+00 1.53BE-01 0.2721E+00 B.710E-01
14.6593 1.039E+00 1.420E-01 0.2513E+00 8.1B5E-01
15.0904 9.B24E-01 1.303E-01 0.2305E+00 7.74IE—01
15.5216 9.260E-01 1.21 IE-01 0.2141E+00 7.296E-01
15.9527 B.775E-01 ■ 1. U S E -01 0.197BE+00 6.915E-01
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RUN NUMBER 7
Disk it 3, square boundary 31.1 X 31.1 cm, photographic method.
vi scosi ty 
calculated
number of measured data points 
measured time interval 
terminal vel in infinite fluid 
measured viscosity 
at which calc are done 
drag in infinite fluid 
mass of disk 
diameter of disk 
thickness of disk 
disk density 
measured fluid density 
fluid density for calculations 
fluid temperature
37
.431157 sec
1.B3 cm/sec
42.01 crn*cm/sec
42.07 cm*cm/sec
1515.2 dynes
1.74625 g 
2.5385 cm 
.04064 cm
8.495 g/cm/cm/cm 
.9691 g/cm/cm/cm 
.96913 g/cm/cm/cm 
22.67 C
(sec) H (cm) U(cm/sec) U/UT (H/R)
0.2156 4.597E+00 1.34BE+00 0.7367E+00 3.622E+00
0.4312 4.306E+00 I;. 320E+00 0.7212E+00 3.393E+00
0.6467 4.027E+00 1.291E+00 0.7056E+00 3.173E+00
0.8623 3.749E+00 1.256E+00 0.6B66E+00 2.953E+00
1.0779 3.4B5E+00 1.221E+00 0.6675E+00 2.746E+00
1.2935 3. 221E+00, 1.176E+00 0.6426E+00 2.53BE+00
1.5090 2.977E+00 1.130E+00 0.6177E+00 2.346E+00
1.7246 2.733E+00 1.0B0E+00 0.5902E+00 2.153E+00
1.9402 2.511E+00 1.030E+00 0.5626E+00 1.978E+00
2.1558 2.2BBE+00 9.707E-01 0.5304E+00 1.803E+00
2.3714 2.092E+00 9.11BE-01 0.4983E+00 1.64BE+00
2.5869 1.895E+00 S.477E-01 0.4632E+00 1.493E+00
2.B025 1.726E+00 7.836E-01 0.42B2E+00 1.360E+00
3.0181 1.556E+00 7.155E-01 0.3910E+00 1.226E+00
3.2337 1.417E+00 6.475E—01 0.353BE+00 1.116E+00
3.4493 1.277E+00 5.829E-01 0.3185E+00 1.006E+00
3.6648 1.165E+00 5.1B3E-01 0.2B32E+00 9.178E-01
3.B804 1.053E+00 4.642E-01 0.2537E+00 B.297E-01
4.0960 9.645E-01 4.101E-01 0.2241E+00 7.599E-01
4.3116 8.760E-01 3.618E-01 0.1977E+00 6.902E-01
4.5271 B.0B3E—01 3.135E-01 0.1713E+00 6.36BE-01
4.7427 7.406E—01 2 . 77IE—01 0.1514E+00 5.835E-01
4.9583 6.8B6E-01 2.40BE-01 0.1316E+00 5.426E-01
5.1739 6.367E-01 2. 14IE—01 0.1170E+00 5.016E-01
5.3B95 5.962E-01 1.B74E-01 0.1024E+00 4.697E-01
5.6050 5.557E-01 1.664E-01 0.9093E-01 4.37BE-01
5.8206 5.243E-01 1.454E-01 0.7945E-01 4.131E-01
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RUN NUMBER 7 (continued)
T(sec) H<cm) U<cm/sec) U/UT (H/R)
6.0362 
6.251B 
6.4674 
6.6B29 
6.B9B5 
7.1141 
7.3297 
7.5452 
7.7608 
B.1920 
B.6231 
9.0543 
9.4B55 
9.9166 
10.347B 
10.7789 
11.2101
11.6412 
12.0724 
12.5036 
12.9347 
. 14.6593
16.3B40 
IB.1086 
19.B332 
21.5579 
23.2B25 
37.0795 
50.8765 
64.6736 
7B.4706 
133.6587 
18B.B468 
244.0349 
299.2230 
354.4111 
409.5992 
575.1635 
740.7278 
906.2920 
1071.8560 
1458.1730 
1844.4900 
2341.1820
4.930E-01 
4.671E-01 
4.412E-01 
4.212E-01
4.01 IE-01 
3.848E-01 
3.6B5E-01 
3.543E-01 
3.402E-01 
3.187E-01 
2.973E-01.
2.B15E-01 
2.656E-01 
2.530E-01 
2.403E-01 
2.303E-01 
2.203E-01 
2.127E-01 
2.051E-01 
1.985E-01 
1.919E-01 
1.72BE-01 
1.537E-01 
1.427E-01 
1.31BE-01 
1.244E-01 
1.169E-01 
9.341E-02 
6.9B9E-02 
6.094E-02 
5.199E-02 
4.169E-02 
3.139E-02 
2.816E-02 
2.493E—02 
2.2B7E-02 
2.0B0E-02 
1.7B0E-02 
1.4B0E-02 
1.344E-02 
1.208E-02 
1.048E-02 
8.878E-03 
7.97BE-03
1.326E-01 
1.19BE-01 
1.064E-01 
9.29BE-02 
8.427E-02 
7.557E-02 
7.054E-02 
6.552E-02 
5.492E-02 
4.962E-02 
4.316E-02 
3.670E-02 
3.302E-02 
2.933E-02 
2.622E-02 
2.31IE—02 
2.037E-02 
1.764E-02 
1.650E-02 
1.535E-02 
1.190E-02 
1.104E-02 
B.697E-03 
6.356E-03 
5.325E-03 
4.295E-03 
1.99IE—03 
1.703E-03 
1.175E-03 
6.476E-04 
2.786E-04 
1.863E-04 
1.224E-04 
5.843E-05 
4.794E-05 
3.745E-05 
2.293E-05 
1.809E-05 
1.315E-05 
B.201E-06 
5.355E-06 
4.135E-06 
2.827E-06 
1.809E-06
O.7245E-01 
0.6546E-01 
O.5813E-01 
0.50B1E-01 
0.4605E-01 
0.4129E-01 
0.3B55E-01 
0.3580E—01 
0.3001E-01 
0.271 IE-01 
0.235BE-01 
0.2005E-01 
0.1804E-01 
0.1603E-01 
0.1433E-01 
0.1263E—01 
0.1113E-01 
0.9641E-02 
0.9015E—02 
0.83BBE-02 
0.6503E-02 
0.6032E-02 
0.4753E-02 
0.3473E-02 
0.2910E-02 
0.2347E-02 
0.10B8E—02 
0.9304E—03 
0.642IE—03 
0.3539E—03 
0.1522E—03 
0.101BE—03 
0.66B7E—04 
0.3193E—04 
0.2620E-04 
0.2046E-04 
0.1253E-04 
0.9885E—05 
0.71B3E-05 
0.448IE—05 
0.2926E-05 
0.2259E-05
0.1545E-05
0.9BB5E-06
3.884E-01 
3.6B0E—01 
3.476E-01 
3.318E-01 
3.160E-01 
3.032E-01 
2.903E-01 
2.792E-01 
2.680E-01 
2.51 IE-01 
2.343E-01 
2.218E-01 
2.093E-01 
1.993E-01
1.B93E-01
1.B15E-01 
1.736E-01 
1.676E-01 
1.616E-01 
1.564E-01 
1.512E-01 
1.361E-01 
1 . 2 1 IE-01 
1.125E-01 
1.038E-01 
9.797E-02 
9.213E-02 
7.359E-02 
5.506E-02
4.B01E-02 
4.096E-02 
3.285E-02 
2.473E-02 
2.219E-02 
1.965E-02 
1.801E-02 
1.638E-02 
1.402E-02 
1.166E-02 
• 1.059E-02 
9.516E-03 
8.255E-03 
6.995E-03 
6.286E-03
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RUN NUMBER 8
Disk it 3, circular boundary, radius 8.6 cm, photographic method
vi scosi ty 
calculated
number of measured data points 
measured time interval 
terminal vel in infinite fluid 
measured viscosity 
at which calc are done 
drag in infinite fluid 
mass of disk 
diameter of disk 
thickness of disk 
disk density 
measured fluid density 
fluid density -for calculations 
fluid temperature
28
.431157 sec 
1.83 cm/sec 
42.71 cm*cm/sec
42.07 cm*cm/sec
1515.2 dynes
1.74625 g 
2.53B5 cm 
.04064 cm
8.495 g/chi/cm/cm 
.9698 g/cm/cm/cm 
.96913 g/cm/cm/cm
21.8 C
' (sec) H (cm) U(cm/sec) U/UT (H/R)
0.2156 5.016E+00 1.295E+00 0.7077E+00 3.952E+00
0.4312 4.741E+00 I.280E+00 0.6992E+00 3.736E+00
0.6467 4.473E+00 1.264E+00 0.6907E+00 3.524E+00
0.8623 4.205E+00 1.246E+00 0.6B07E+00 3.313E+00
1.0779 3.945E+00 1.227E+00 0.6706E+00 3.10BE+00
1.2935 3.6B4E+00 1.201E+00 0.6561E+00 2.903E+00
1.5090 3.435E+00 1.174E+00 0,6417E+00 2.706E+00
1.7246 3.186E+00 1.136E+00 0.620BE+00 2.510E+00
1.9402 2.953E+00 1.09BE+00 0.5999E+00 2.326E+00
2.155B 2.720E+00 1.057EH-0.0 0.5776E+00 2.143E+00
2.3714 2.504E+00 1.016E+00 0.5553E+00 1.973E+00
2.5B69 2.2B9E+00 9.604E-01 0.5248E+00 1.803E+00
2.8025 2.097E+00 9.046E-01 0.4943E+00 1.652E+00
3.0181 1.905E+00 S.454E—01 0.4620E+00 1.501E+00
3.2337 1.738E+00 7.862E-01 0.4296E+00 1.369E+00
3.4493 1.571E+00 7.206E-01 0.393BE+00 1.238E+00
3.6648 1.432E+00 6.550E-01 0.3579E+00 1.12BE+00
3.BB04 1.293E+00 5.89BE-01 0.3223E+00 1.019E+00
4.0960 1.1B2E+00 5.246E—01 0.2B66E+00 9.310E-01
4.3116 1.070E+00 4.713E-01 0.2576E+00 8.433E-01
4.5271 9.B16E-01 4.181E-01 0.2285E+00 7.734E-01
4.7427 8.929E-01 3.716E-01 0.2031E+00 7.035E-01
4.9583 8.239E-01 3.251E-01 0.1777E+00 6.491E-01
5.1739 7.549E-01 2.874E-01 0.1570E+00 5.948E-01
5.3895 7.019E—01 2.496E-01 0.1364E+00 5.530E-01
5.6050 6.490E-01 2.222E-01 0.1214E+00 5.113E-01
5*8206 6.076E-01 1.948E-01 0.1064E+00 4.787E-01
6.0362 5.663E-01 1.734E-01 0.9476E-01 4.462E-01
6.2518 5.340E-01 1.521E-01 0.B310E-01 4.208E-01
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RUN NUMBER 8 (continued)
T(sec) H (cm) U(cm/sec) U/UT (H/R)
6.4674 5.01BE-01 1.358E-01 0.741SE—01 3.953E-01
6.6B29 4.764E-01 1.194E-01 0.6527E—01 3.754E-01
6.8985 4.51 IE—01 9.97BE-02 0.5452E-01 3.554E—01
7.3297 4.129E-01 8.994E-02 0.4915E—01 3.253E-01
7.7608 3.747E-01 7.603E-02 0.4155E-01 2.952E-01
8.1920 3.484E—01 6.212E-02 0.3395E—01 2.745E-01
B.6231 3.220E-01 5.345E-02 0.292IE—01 2.537E-01
9.0543 3.030E-01 4.47BE-02 0.2447E—01 2.3B7E-01
9.4855 2.840E-01 3.926E-02 0.2146E-01 2.23BE-01
9.9166 2.697E-01 3.375E-02 0.1844E-01 2.125E-01
10.3478 2.554E-01 2.986E-02 0.1632E-01 2*. 012E-01
10.7789 2.443E-01 2.59QE-02 0.1419E-01 1.925E-01
11.2101 2.333E-01 1.B42E-02 0.1007E-01 1.83BE-01
12.9347 2.052E-01 1.653E-02 0.9034E—02 1.617E-01
14.6593 1.772E-01 1.267E-02 0.6925E-02 1.396E-01
16.3840 1.622E-01 8.814E-03 0.4817E-02 1.278E-01
18.1086 1.473E-01 7.315E-03 0.3997E-02 1.160E-01
19.B332 1.374E-01 5.816E—03 0.317BE-02 1.0B2E-01
21.5579 1.275E-01 2.427E-03 0.1326E-02 1.005E-01
35.3549 1.003E-01 2.003E-03 0.1095E—02 7.902E-02
49.1519 7.309E-02 1.36IE—03 0.7440E-03 5.758E-02
62.9489 6.33IE—02 7.195E-04 0.3932E—03 4.98BE-02
76.7459 5.354E-02 2.923E-04 0*1597E-03 4.218E-02
131.9340 4.346E-02 1.B55E-04 0.1014E—03 3.424E-02
t
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RUN NUMBER 9
Disk it 3, circular boundary, radius 14.75
number o-f measured data paints 
measured time interval 
terminal vel in infinite fluid 
measured viscosity 
at which calc are done 
drag in infinite fluid 
mass of disk 
diameter of disk 
thickness of disk 
disk density 
measured fluid density 
fluid density for calculations 
fluid temperature
vi scosi ty 
calculated
cm, photographic method.
= 31
= .431157 sec
= 1.83 cm/sec
= 42.03 cm-K-cm/sec
= 42.07 cm-K-cm/sec
1515.2 dynes 
■ 1.74625 g
= 2.538476 cm
= .04064 cm 
= B.495 g/cm/cm/cm
= .9691 g/cm/cm/cm
= .96913 g/cm/cm/cm 
= 22.65 C
(sec) H (cm) U(cm/sec) U/UT (H/R)
0.2156 4.6B2E+00 1.345E+00 0.7350E+00 3.6B9E+00
0.4312 4.391E+00 1.321E+00 0.7216E+00 3.460E+00
0.6467 4.112E+00 1.296E+00 0.70B3E+00 3.240E+00
0.8623 3.832E+00 1.262E+00 0.6B93E+00 3.019E+00
1.0779 3.567E+00 1.227E+00 0.6704E+00 2.811E+00
1.2935 3.3O3E+00 1.1B5E+00 0.6473E+00 2.602E+00
1.5090 3.056E+00 1.142E+00 0.6242E+00 2.408E+00
1.7246 2.810E+00 1.093E+00 0.5975E+00 2.214E+00
I.9402 2.584E+00 1.045E+00 0.5708E+00 2.036E+00
2.155B 2.359E+00 9.884E-01 0.5401E+00 1.B5BE+00
2.3714 2.15BE+00 9.323E-01 0.5094E+00 1.700E-+-00
2.5B69 1.956E+00 8.662E-01 0.4733E+00 1.541E+00
2.B025 1.784E+00 8.002E-01 0.4372E+00 1.405E+00
3.0181 1.611E+00 7.352E-01 0.4017E+00 1.269E+00
3.2337 1.466E+00 6.702E-01 0.3662E+00 1.155E+00
3.4493 1.322E+00 6.057E-01 0.3310E+00 1.041E+00
3.664B 1.205E-+-00 5.413E-01 0.295BE+00 9.494E-01
3.8804 1.088E+00 4.821E-01 0.2635E+00 8.574E-01
4.0960 9.969E-01 4.230E-01 0.2311E+00 7.B55E-01
4.3116 9.056E-01 3.76BE-01 0.2059E+00 7.135E-01
4.5271 8.343E-01 3.306E-01 0.1B07E+00 6.573E-01
4.7427 7.630E-01 2.91 IE-01 0.1591E+00 6.011E-01
4.95B3 7.0B7E—01 2.516E-01 0.1375E+00 5.583E-01
5.1739 6.544E-01 2.237E-01 0.1223E+00 5.156E-01
5.3895 6.121E-01 1.958E-01 0.1070E+00 4.B23E-01
5.6050 5.698E-01 1.759E-01 0.9614E-01 4.490E-01
5.8206 5.362E-01 1.560E-01 0.B526E-01 4.224E-01
6.0362 5.025E-01 1.383E-01 0.755BE-01 3.959E-01
6.2518 4.765E-01 1.206E-01 0.6590E-01 3.754E-01
6.4674 4.505E-01 1.10IE-01 0.6018E-01 3.549E-01
6.6B29 4.290E-01 9.966E-02 0.5446E—01 3.380E-01
6.8985 4.075E-01 B.B4BE-G2 0.4835E-01 3.210E-01
7.1141 3.90BE-01 7.730E-02 0.4224E-01 3.079E-01
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RUN NUMBER 10
Disk if 4, circular boundary, radius 14.75 cm, photographic method.
number of measured data points = 31
measured time interval = .86231 sec
terminal vel in infinite fluid = .5503 cm/sec
measured viscosity = 41.93 cm*cm/sec
viscosity at which, calc are done = 42.07 cm#cm/sec
calculated drag in infinite fluid = 227.2 dynes
mass of disk = .26297 g
diameter of disk = 1.2659 cm
thickness of disk = .0254 cm
disk density = B.495 g/cm/cm/cm
measured fluid density = .969 g/cm/cm/cm
fluid density for calculations = .96913 g/cip/cm/cm
fluid temperature = 22.78 C
T(sec) H (cm) L) (cm/sec) U/UT (H/R)
0.4312 5.247E+00 4.B35E-01 0.B7B7E+00 B.290E+00
0.8623 5.038E+00 4.B07E-01 0.8736E+00 7.960E+00
1.2935 4.B31E+00 4.779E-01 0.86B5E+00 7.633E+00
1.7246 4.625E+00 4.751E-01 0.8634E+00 7.307E+00
2.1558 4.420E+00 4.723E-01 0.8583E+00 6.984E+00
2.5869 4.216E+00 4.685E-01 0.S514E+00 6.661E+00
is. 0181 4.015E+00 4.647E-01 0.B445E+00 6.343E+00
3.4492 3.B14E+00 4.601E-01 0.8361E+00 6.026E+00
3.8804 3.617E+00 4.555E-01 0.B278E+00 5.714E+00
4.3116 3.420E+00 4.500E-01 0.8178E+00 5.403E+00
4.7427 3.227E+00 4.445E-01 0.807BE+00 5.099E+00
5.1739 3.035E+00 4.383E-01 0.7965E+00 4.795E+00
5.6050 2.B4BE+00 4.'32IE—01 0.7852E+00 4.500E+00
6.0362 2.661E+00 4.244E-01 0.7712E+00 4.204E+00
6.4673 2.481E+00 4.167E-01 0.7572E+00 3.920E+00
6.8985 2.301E+00 4.069E-01 0.7394E+00 3.635E+00
7.3296 2.129E+00 3.97IE-01 0.7217E+00 3.363E+00
7.7608 1.957E+00 3.846E-01 0.6988E+00 3.092E+00
8.1919 1.796E+00 3.720E-01 0.6760E+00 2.837E+00
8.6231 1.635E+00 3.560E-01 0.6469E+00 2.5B3E+00
9.0543 1.488E+00 3.399E-01 0.6177E+00 2.351E+00
9.4854 1.341E+00 3.22IE—01 0.5853E+00 2.110E+OQ
9.9166 1.209E+00 3.043E-01 0.5530E+00 1.910E+00
10.3477 1.078E+00 2.815E-01 0.5115E+00 I.702E+00
10.7789 9.657E-01 2.587E-01 0.4701E+00 1.526E+00
11.2100 8.537E-01 2.340E-01 0.4252E+00 1.349E+00
11.6412 7.632E-01 2.093E-01 0.3804E+00 1.206E+00
12.0723 6,726E-01 1.B64E-01 0.3387E+00 1.063E+00
12.5035 6.019E-01 1.634E-01 0.2969E+00 9.510E-01
12.9347 5.312E-01 1.425E-01 0.2590E+00 8.393E-01
13.3658 4.7B6E—01 1.216E-01 0.2211E+00 7.561E-01
13.7970 4.260E-01 1.050E-01 0.1909E+00 6.730E—01
14.22B1 3.B77E-01 8.B44E-02 0.1607E+00 6.125E-01
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RUN NUMBER 10 (continued)
T(SBC) H (cm) U(cm/sec) U/UT (H/R)
14.6593 3.494E-01 7.660E-02 0.1392E+00 5.521E-01
15.0904 3.214E-01 6.476E-02 0.1177E+00 5.07BE-01
1-5. 5216 2.934E-01 5.626E-02 0.1022E+00 4.635E-01
15.9527 2.727E-01 4.776E-02 0.8679E-01 4.309E-01
16.3339 2.52IE—01 4.167E.02 0.7573E-01 3.9B2E-01
16.0150 2. 367E-01' 3.55BE-02 0.6466E-01 3.739E-01
17.2462 2.213E-01 3.195E-02 0.5B05E-01 3.496E-01
17.6774 2.090E-01 2.B31E-02 0.5144E—01 3.302E-01
IB.1085 1.96BE-01 2.484E-02 0.4515E-01 3.109E-01
18.5397 1.875E-01 2.138E-02 0.3885E-01 2.963E-01
18.9708 1.783E-01 1.795E-02 0.3261E-01 2.B16E-01
19.8331 1.642E-01 1.623E-02 0.2949E-01 2.595E-01
20.6954 1.502E-01 1.368E-02 0.24B6E-01 2.373E-01
21.5578 1.405E-01 1.113E-02 0.2022E-01 2.221E-01
22.4201 1.309E-01 9.484E-03 0.1723E-01 2.068E-01
23.2824 1.241E-01 7.B40E-03 0.1425E-01 1.961E-01
24.1447 1.174E-01 7.046E—03 0.1280E-01 1.854E-01
25.0070 1. U9E-01 6.252E-03 0. 1136E-01 1.769E-01
25.8693 1.065E-01 4.414E-03 0.8021E-02 1.6B3E-01
29.3185 9.285E-02 3.954E-03 0.7186E-02 1.467E-01
32.7678 7.916E-02 2.B60E-03 0.519BE-02 1.251E-01
36.2170 7.305E-02 1.766E-03 0.3210E-02 1.154E-01
39.6663 6.693E-02 7.0B6E-04 0.1288E-02 1.057E-01
67.2602 5.097E-02 5.764E-04 0.1047E-02 B.053E-02
94.8541 3.501E—02 3.777E—04 0.6863E—03 5.532E—02
22.44BO 3.006E-02 1.790E-04 0.3252E-03 4.749E-02
APPENDIX V
ECCENTRICITY EFFECT USING EQ.(1.34)
ECCENTRICITY T
RATIO ----------------- ------------------
g /(b-a) (a = 0.928)* (a = 0.595)
0.0 1.0000 1.0000
0.1 0.9852 0.9658
0.2 0.9434 0.9456
0.3 0.8811 0.8854
0.4   0.8165
0.5 0.7275 0.7442
0.6   0.6760
0.7 0.5771 0.6173
0.8   0.5744
0.9 0.4539 0.5675
0.95   0.6140
0.99 0.4162 0.9046
* Calculated by J. B. Irving
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